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Preface 
This PhD dissertation represents the partial fulfilment of the requirements for obtaining the degree of 

Doctor of Philosophy (PhD) at Faculty of Science and Technology, Aarhus University, Denmark. It 

is written in accordance with the regulations outlined by the Graduate School of Science and 

Technology at Aarhus University in April 2017. The work presented in this dissertation was carried 

out at Zoophysiology, Department of Bioscience, Aarhus University under the supervision of 

Professor Peter Teglberg Madsen. Some of the results have been produced in collaboration with 

national and international colleagues who are all listed as (co-)authors of the included scientific 

publications or manuscripts. 

I was first brought into the field of bioacoustics through a biological project work on acoustic 

communication in the parti-coloured bat with my current supervisor. During this project, I spent many 

freezing autumn and winter nights recording bats in the Aarhus University Park, where I had plenty 

of time to think about the hidden messages that bats convey as they roam the dark skies using 

echolocation. This sparked my interest in biosonar and resulted in my subsequent enrolment as a PhD 

student with the aim of studying how toothed whales use echolocation and adjust their biosonar 

systems in various contexts and under challenging conditions. In my studies, I have used different 

state-of-the-art recording systems including custom build hydrophone arrays and high-tech animal-

borne recording devices both in captive experimental setups and in the field. I have attempted to 

uncover little-known aspects of toothed whale biosonar operation and apply my findings in a broad 

context to, hopefully, expand our knowledge on echolocation in this diverse group of animals, while 

also highlighting some of the interpretive challenges that especially exist for data collected from 

animals in the wild. 

This dissertation presents data from the experimental work and research I have conducted during my 

PhD in the form of an introductory chapter that seeks to highlight some of the central echolocation 

aspects that I have worked on during my PhD in a broader context. It is followed by six additional 

chapters each composed of six manuscripts of which I am a first author of three. The manuscripts 

either are published in, or are at the final stages before submission to, internationally peer-reviewed 

journals. 

June 2017, Aarhus 
 

____________________________________ 
Michael Ladegaard 
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Summary 
Many animals exploit sound for navigational purposes, but only some produce signals dedicated to 

probe their environment actively through echolocation. Only in bats and toothed whales has 

echolocation evolved to serve as a primary sense informing not only navigation, but also foraging on 

highly agile prey under conditions of poor lighting. This sixth sense has been intensively studied 

especially in laboratory settings using stationary animals, but in recent decades an increasing 

knowledge has formed on more natural aspects reflecting the critical evolutionary advantage of 

biosonar, namely identifying, tracking, and capturing prey.  

I have sought to expand on this knowledge by studying poorly understood aspects of toothed whale 

echolocation. This has taken me to the Amazon rain forest, where I have studied the use of 

echolocation in Amazon river dolphins to show that this species uses a directional, short-range 

biosonar operated at very high update rates compared to marine toothed whales (Chapter 2). I further 

studied how these river dolphins adjust their biosonar as they close in on and intercept prey in the 

first study to measure on-axis source parameters on wild toothed whales during prey capture (Chapter 

3). In a more controlled experimental setup using a highly trained bottlenose dolphin, I have also 

investigated a hitherto rarely studied mode of echolocation in toothed whales involving discrete click 

packets that was previously only reported for stationary animals echolocating targets at fixed ranges. 

In that study I show how a freely swimming dolphin also produces click packets as it seeks out and 

approaches a target starting from ranges up to several hundred metres until about 120 m from the 

target, after which usual biosonar adjustments are used (Chapter 4). In other experiments on trained 

harbour porpoises, I have focused on how animals cope with clutter during prey interception, on 

potential jamming effects caused by conspecific echolocation, and on how the biosonar is adjusted in 

response (Chapter 1). In a different study we demonstrate that porpoises strongly decrease biosonar 

output levels as they approach a target, but with no adjustment to the target strength, which makes us 

conclude that returning echo levels are adjusted to match the animal's dynamic hearing range, without 

excluding target size information from the perceived echo levels (Chapter 5). Furthermore, I have 

been involved in a review on the evolutionary aspects behind the acoustic field of view in toothed 

whales (Chapter 6), and in a field study on the ontogeny and development of echolocation in sperm 

whale calves (Chapter 7). It is my hope that this dissertation will help shed more light in the dark 

world of echolocation in toothed whales, the adaptations to biosonar operation in various contexts, 

and the biosonar adjustments that toothed whales employ when closing in on their echolocation 

targets.   
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Resumé (Danish summary) 
Mange dyr udnytter lyde i omgivelserne til navigationsformål, men kun få frembringer signaler, som 

har til formål aktivt at undersøge deres omgivelser gennem ekkolokalisering. Kun hos flagermus og 

tandhvaler har ekkolokalisering udviklet sig til være et primært sansesystem ikke bare til navigation, 

men også til fouragering på aktive byttedyr under svage lysforhold. Denne sjette sans er blevet 

studeret intensivt især i laboratorieforsøg på stationære dyr, men i de seneste årtier har man fået en 

stadig større viden om mere naturlige aspekter, som afspejler den vigtige evolutionære fordel, som 

biosonar giver, nemlig identifikation, forfølgelse og fangst af bytte. 

Jeg har forsøgt at øge denne viden ved at studere dårligt belyste aspekter af ekkolokalisering hos 

tandhvaler. Det har ført mig til regnskoven i Amazonas, hvor jeg har undersøgt brugen af 

ekkolokalisering hos amazondelfinen for at vise, at denne art i modsætning til marine tandhvaler 

bruger en retningsbestemt, kortdistance biosonar, som opereres ved høje klikrater (Kapitel 2). Jeg 

undersøgte endvidere, hvordan disse floddelfiner justerer deres biosonar, imens de nærmer sig og 

fanger bytte. Dette er det første studie, der har målt on-axis kildeparametre på tandhvaler i det fri 

under byttefangst (Kapitel 3). I en mere kontrollerbar forsøgsopsætning med et veltrænet øresvin har 

jeg også undersøgt en hidtil sjældent studeret ekkolokaliseringsmåde hos tandhvaler, som involverer 

brugen af diskrete klikpakker, og som tidligere kun har været rapporteret for stationære dyr, der 

ekkolokaliserer mål på faste afstande. I det studie viser jeg, hvordan en fritsvømmende delfin også 

laver klikpakker, mens den finder og nærmer sig et mål fra startafstande på flere hundrede meter indtil 

omkring 120 m fra målet, hvorefter den bruger mere almindelige biosonarjusteringer (Kapitel 4). I 

andre eksperimenter med trænede marsvin har jeg fokuseret på, hvordan dyr håndterer clutter under 

byttefangst og på potentielle jamming-effekter forårsaget af ekkolokaliserende artsfæller, og hvordan 

biosonaren justeres som respons (Kapitel 1). I et andet studie har vi påvist, at marsvin nedjusterer de 

udgående klikniveauer kraftigt, når de nærmer sig et mål, men uden at justere til målets størrelse, 

hvilket får os til at konkludere, at de tilbagevendende ekkosignalers niveau justeres til dyrets 

dynamiske høreområde uden at ekskludere information om målets størrelse fra de opfangede 

ekkoniveauer (Kapitel 5). Desuden har jeg været involveret i et review over evolutionære aspekter 

bag det akustiske synsfelt hos tandhvaler (Kapitel 6) samt et feltstudie af ontogenesen og udviklingen 

af ekkolokalisering hos kaskelotkalve (Kapitel 7). Det er mit håb, at denne afhandling kan hjælpe 

med at kaste mere lys over tandhvalernes dunkle ekkolokaliseringsverden, tilpasningerne til 

biosonarbrug i forskellige kontekster og biosonarjusteringerne som tandhvaler benytter, når de 

nærmer sig deres ekkolokaliseringsmål.  
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Introduction 

Echolocation is a sense that one in four mammalian species use for actively acquiring information 2 

about the environment to inform navigation and foraging (Surlykke et al., 2014). It requires the 

production of acoustic signals that disperse into the surroundings from where a fraction of the signal 4 

energy will return in the form of echoes from ensonified structures (Figure 1). These echoes will 

resemble the outgoing signal, but the echo amplitudes are much lower, the duration may be longer, 6 

and the spectral contents differ slightly from the probe signal, all to an extent that depends on 

structural features of the echolocation targets. The time delay at which the echo returns therefore 8 

encodes information about range estimation and target localisation, as well as information regarding 

what kinds of targets that lie ahead. To be able to perceive and actively use this information, it is of 10 

course a necessity that the echoes exceed the hearing threshold of the echolocating animal and the 

ambient noise or reverberation levels at the relevant bandwidth, and also that target bearing can be 12 

estimated to allow for tracking and interception of prey. The biosonar process of identifying, homing 

in on, and capturing prey was first outlined for echolocating bats by Griffin (1958) proposing three 14 

distinct phases of search, approach, and terminal buzzing, which also resembles the echolocation 

behaviour of many toothed whales (Madsen and Surlykke, 2013). Although the basics of echolocation 16 

is relatively straightforward to outline, many critical aspects are still not fully understood in the field 

of animal sonar. Here I have sought to address a few during my time as a PhD student. Here in the 18 

following introduction, I begin by discussing the evolution of and the prerequisites for echolocation 

in relation to hearing and physical properties of sound. Thereafter, I will move on to some of the 20 

topics that I have focused on in my PhD in a broader context, and lastly I will highlight some of the 

most important unknowns in toothed whale biosonar research that I think deserve research attention 22 

in the years to come. 
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Figure 1 MRI scan of harbour porpoise. The skeleton is shown as dense light grey structures and the melon 
in yellow with the surrounding musculature in red (note the two pairs of imbedded fat bodies that are 26 
associated with the phonic lips in the nasal passages). Echolocation clicks are primarily produced by the right 
phonic lip pair (Madsen et al., 2013b) and then guided through the melon and into the water. An outgoing 28 
echolocation click is shown to reach a prey target from where a fraction of the signal energy returns as an 
echo. Scan courtesy of Christian Bech Christensen.  30 

 On the origin of echolocation 

The early Eocene ancestors of modern day toothed whales were semi-aquatic artiodactyl predators 32 

who were on an evolutionary path towards a life defined by the ability to navigate and find prey using 

echolocation. Some of the prerequisites for echolocation is an acute hearing mechanism that 34 

effectively couples sound from the environment to the inner ears and the ability to provide a bearing 

estimate of incoming sound direction (Surlykke et al., 2014). The archaic Pakicetids (~50 Ma) had a 36 

hearing system mainly adapted to hearing in air, so underwater hearing likely depended on bone 

conduction which suggests that bearing estimation was rather poor (Nummela et al., 2007). 38 

Evolutionarily, the coupling of sound to the inner ear was improved via waveguides in the form of 

fat pads in the mandibular foramen as seen in the Ambulocetids and Remingtoncetids, although 40 

accurate estimation of sound source bearing was likely still hampered due to bone connections 

between the tympanoperiotic complex and the skull. This connection gradually reduced from the 42 

Protocetids to the Basilosaurids and Dorudontids while air sinuses surrounding the tympanoperiotic 

complex further isolated the middle and inner ear from the braincase, thus improving the potential 44 
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for sound source localisation through passive sonar use (Nummela et al., 2007; Fahlke et al., 2011). 

However, the selection pressure for further improving sensitivity halts when the hearing threshold 46 

reaches the lowest ambient noise levels (NL) that the animals could encounter for a given frequency. 

When NL becomes limiting for detection within a given frequency bandwidth, the received signal-48 

to-noise ratio (SNR) is given on a logarithmic scale by the equation: 

𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑆𝑆𝑆𝑆 − 𝑇𝑇𝑆𝑆 − (𝑆𝑆𝑆𝑆 − 𝐷𝐷𝐷𝐷𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟) 50 

, where SL is the source level of the source in question, TL is the transmission loss between source 

and receiver (which for spherical spreading loss follows 20log(R) + αR, where R is range and α is a 52 

frequency-dependent absorption loss constant), and DIreceiver is the directivity index of the receiver 

(Urick, 1983). 54 

The use of passive sonar has obvious navigational advantages for species transitioning from land to 

water, since turbidity and light absorption underwater may prevent visual identification of important 56 

landmarks such as shorelines or reefs at ranges where such features are readily detectable by sound. 

Foraging may also be guided by passive sonar in habitats with sound-producing fish that may emit 58 

sound with frequencies up to 10 kHz (Fahlke et al., 2011). However, the evolutionary change from 

passive hearing to active sonar opened up for a whole new suite of foraging strategies that could allow 60 

for the capture of silent prey. The first use of echolocation probably only allowed for crude 

localisation of larger structures at close ranges (akin to the echolocation performed by many 62 

mammals, including man (Griffin, 1958)), but the difference between detecting some echo 

information compared to none at all is likely enough to yield a fitness advantage that can be favoured 64 

by natural selection. As a side-note, it is therefore somewhat surprising that seals with sensitive 

hearing and underwater sound production have not evolved this ability, although these animals have 66 

evolved other acute sensory systems such as keen vision and flow-sensing vibrissae to work in 

darkness (Schusterman et al., 2000). Subsequent evolutionary improvements were more likely, at 68 

least initially, to have had a significant impact on biosonar performance, especially once foraging 

advantages evolved, thus rapidly making it possible for species to venture into and conquer new low 70 

light level habitats such as the deep sea and murky waters. 

The fossil record suggests that the first echolocating cetaceans emerged shortly after the divergence 72 

of baleen whales and toothed whales some 34 Ma where after a rapid speciation occurred in the 

toothed whale suborder (Steeman et al., 2009; Geisler et al., 2014). This left evolution around 15 74 

million years to improve the underwater hearing capabilities of the non-echolocating toothed whale 
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ancestors, but it is still an open question whether ultrasonic hearing evolved before (Churchill et al., 76 

2016) or after the emergence of echolocation (Mourlam and Orliac, 2017). However, it does seem 

reasonable to assume that echolocation in toothed whales first evolved for navigation, before 78 

detection of small prey targets became possible (Verfuß et al., 2005). If a probe signal is produced at 

sufficiently high source level towards a target that is sufficiently close and large in size in relation to 80 

the signal frequency, then an echo is likely to be detected by animals with sensitive hearing. For 

example, signals with frequencies of 1-10 kHz will be effectively backscattered from underwater 82 

targets larger than 5-50 cm in diameter (see ka definition below). Such frequencies might easily have 

been audible to the semiaquatic Pakicetus assuming it had an audiogram similar to other hoofed 84 

mammals (Heffner and Heffner, 1990), and hence cetacean echolocation may not have required 

ultrasonic hearing in order to first evolve detection abilities for prey-sized targets. Nevertheless, 86 

pinniped audiograms show that high frequency underwater hearing in the ultrasonic range may still 

evolve for animals relying on other sensory modalities than echolocation for foraging and navigation 88 

(Schusterman et al., 2000; Reichmuth et al., 2013). I therefore speculate that the many millions of 

years where evolution improved upon directional hearing and passive sonar abilities of the 90 

archaeocetes will also have led to ultrasonic hearing capabilities in these animals that was then driven 

towards even higher frequencies once echolocation evolved. The hearing system itself has not been 92 

a focus in my PhD work, but before changing the discussion to echolocation source parameters and 

biosonar adjustments, I will first provide a brief summary of hearing in toothed whales.  94 

Hearing in toothed whales 

As in some archaic cetaceans, the coupling of sound from the environment to the middle and inner 96 

ears occurs for modern toothed whales via mandibular fat pads primarily through an area on the jaw 

bone that is known as the acoustic window (Møhl et al., 1999). In toothed whales, the frequency 98 

range of highest hearing sensitivity generally corresponds well with the main energy distribution of 

the emitted echolocation clicks (Figure 2), which, for small dolphins and porpoises, translates to 100 

sensitive hearing up to about 130 kHz (Houser et al., 2008; Kastelein et al., 2010). High-frequency 

hearing is important for distinguishing fine-scale target features as shown by decreased discrimination 102 

performance in toothed whales following high-frequency hearing loss (Kloepper et al., 2010). 
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Figure 2 Audiograms of Grampus (U-shaped blue 104 
line) and Pseudorca (U-shaped red line) along with 
representative spectra of on-axis clicks from each 106 
species on a relative dB scale. Note that high 
ambient noise levels masked the maximum 108 
sensitivity of the Grampus audiogram, which 
explains the large difference in threshold 110 
between the two species (Nachtigall et al., 1995). 
Coloured bars signify frequency range of the 112 
centroid frequencies of on-axis clicks from the 
two species recorded in the wild. The Grampus 114 
audiogram is from Nachtigall et al. (1995) and the 
Pseudorca audiogram from Thomas et al. (1988a). 116 
Figure and caption from Madsen et al. (2004). 

Larger delphinids such as Risso’s dolphin (Nachtigall et al., 2005) and killer whales (Szymanski et 118 

al., 1999) have their best hearing range at lower ultrasonic frequencies with a seemingly steep 

increase in threshold at around 100 kHz. This has led to the hypothesis that the non-whistling toothed 120 

whales that all produce narrow-band high frequency (NBHF) clicks around 130 kHz have been 

evolutionarily forced upwards in both echolocation and communication frequency to escape killer 122 

whale eavesdropping and predation (Kyhn et al., 2013)(Chapter 6). It may also be that NBHF 

echolocation has evolved in diverse species because environmental background noise decreases with 124 

increasing frequency before thermal noise becomes dominating at frequencies beyond 130 kHz 

(Wenz, 1962; Miller and Wahlberg, 2013). To evade an overlap in the frequencies of noise and 126 

echolocation clicks, echolocation can be shifted to a different frequency band. In addition, the hearing 

system can be made more directional so that sound is primarily received from the direction of the 128 

outgoing beam. Receiving sensitivity has been studied in the bottlenose dolphin where DIreceiver has 

been found to be 10, 15, and 21 dB for frequencies of 30, 60, and 120 kHz (Au and Moore, 1984). 130 

The harbour porpoise apparently has a less directional receiving beam with a DIreceiver of about 6 and 

12 dB at 64 and 100 kHz (Kastelein et al., 2005). The biosonar advantage of having a directional 132 

receiving system is that the echo-to-noise ratio (ENR) will increase when listening for echoes 

returning close to the receiving beam axis because noise energy from other directions is suppressed 134 

(Au and Moore, 1984). The inner ear functions like an energy detector (Au et al., 1988) so a further 

increase in ENR can come from analysing energy over short time windows that matches the echo 136 

duration, which may also improve the time-keeping of the returning echo. However, a shorter 

integration time comes at the cost of an increased auditory filter bandwidth (Au, 1993). In addition, 138 

an optimal integration time should at least encompass the outgoing signal duration and possibly be 

even longer, since returning echoes will always be at least this duration, but often considerably longer. 140 
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The measured integration time is around 250-300 µs, as shown in various bottlenose dolphin 

experiments involving detection, discrimination, or backward-masking (Vel'min and Dubrovskii, 142 

1976; Moore et al., 1984; Au et al., 1988). This integration time is more than a factor ten longer than 

bottlenose dolphin clicks (Wahlberg et al., 2011), however, an experiment yet to be done is whether 144 

this factor will also be evident in the integration time for NBHF species or beaked whales that produce 

frequency modulated (FM) clicks of durations between 100 to 250 µs (Møhl and Andersen, 1973; 146 

Johnson et al., 2004). A high resilience to backward masking is likely of importance to an 

echolocating animal that sends out a high-amplitude signal shortly after receiving a low-amplitude 148 

echo, although this potential problem can be reduced by clicking at slower rates for the same target 

range. However, an unavoidable and considerably longer masking effect comes from forward 150 

masking, where the production of high-amplitude clicks will momentarily increase the hearing 

threshold and thus decrease perception of received echo level (EL) and potentially result in a failure 152 

to detect a target. By interpreting the recovery time as a target range, R it has been shown in delphinids 

that the perceived EL, as inferred from auditory brainstem response (ABR) measurements, follows 154 

approximately 20log(R), for target ranges out to around 10-20 m (Supin et al., 2008; Finneran et al., 

2013). This effect is generally referred to as a time-varying automatic gain control (AGC) (Supin and 156 

Nachtigall, 2013). For greater target ranges out to 80 m, the hearing system is still likely to operate 

at an elevated threshold, although the AGC slope is not nearly as steep as it is at close ranges (Finneran 158 

et al., 2013). In bats, the receiving AGC mechanism is partly mediated by a stapedial reflex at the 

time of signal production (Kick and Simmons, 1984), whereas toothed whale AGC does not seem to 160 

involve a middle ear reflex potentially because of more favourably bone and air isolation of the ears 

from the sound source (Schrøder et al., 2017). With this brief walkthrough of toothed whale hearing, 162 

I will now return to the subject of active sonar operation and thereafter continue with discussing 

biosonar adjustments. 164 

The active sonar equation 

For active sonar operation under noise-limiting conditions, the ENR can be estimated by the active 166 

sonar equation: 

𝐸𝐸𝑆𝑆𝑆𝑆 = 𝑆𝑆𝑆𝑆 + 𝑇𝑇𝑆𝑆 − 2𝑇𝑇𝑆𝑆 − (𝑆𝑆𝑆𝑆 − 𝐷𝐷𝐷𝐷𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟) 168 

, where TS is the target strength, which is the ratio between the backscattered level measured at a 

reference distance back towards the source and the received level at the target, and NL is the masking 170 
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noise level within the relevant bandwidth for echo detection for an omnidirectional receiver (Urick, 

1983). 172 

The active sonar equation thus naturally forms the main pillar in our current understanding of toothed 

whale echolocation (Au, 1993; Surlykke et al., 2014). It also comes in a version for reverberation-174 

limiting conditions, where the term in brackets is replaced by the reverberation level (Urick, 1983). 

For now we will first consider echolocation under noise-limiting conditions, where the perhaps most 176 

obvious improvement of ENR comes from increasing the SL, and has been demonstrated as a manner 

of adjustment for toothed whales exposed to different ambient NL (Au et al., 1985). In order to 178 

produce sound and increase SL, toothed whales actuate not the larynx, as in most mammals, but a 

pair of phonic lips and associated fat bodies that are located in each nasal passage near the blowhole 180 

(Cranford et al., 1996). Sound production is achieved by pressurization of the nasal passages that set 

the phonic lips in motion to produce clicks that are then guided via air sacs and the skull anteriorly 182 

into the melon. The melon consists of fatty tissues of gradually varying densities and sound speeds 

and serves as an impedance matcher that couples the produced sound into the water (Norris and 184 

Harvey, 1974; McKenna et al., 2012). The click is then transmitted into the surroundings in a 

directional manner that can be quantified by the transmission directivity index (DI). The DI is the 186 

ratio between the SL measured on the acoustic axis, and the theoretical SL that would be measured 

from an omnidirectional source transmitting the same signal with the same power as the directional 188 

source (Urick, 1983). Toothed whale beam patterns resemble sound radiation from a circular flat 

piston (Beedholm and Møhl, 2006) so the DI may therefore be approximated as 20log(ka), where k 190 

is the wavenumber defined as 2π divided by the transmitted wavelength, λ, and a is the radius of the 

transmitting aperture (Zimmer et al., 2005). The DI can therefore be increased either by making the 192 

transmitting aperture larger or by increasing the echolocation signal frequency. 

The spectral characteristics of biosonar signals also determine the detectable target sizes as effective 194 

acoustic backscattering from an object calls for a ka product larger than about 1 (Urick, 1983). Early 

biosonar research results suggested that harbour porpoises could detect 0.5 mm metal wires using 2 196 

kHz clicks (Busnel and Dziedzic, 1967), which Møhl and Andersen (1973) pointed out was 

impossible based on backscattering theory; indeed they proceeded to show that the main energy of 198 

porpoise clicks is found at much higher frequency at around 130 kHz. With this frequency, the ka 

product based only on the wire diameter is 0.14, but in reality, this value is several times larger 200 

depending on the length of wire covered by the biosonar beam. However, one additional issue to 

address in such studies is the influence of minute gas bubbles forming on submerged wires that may 202 
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lead to a better than expected detection performance (Penner and Murchison, 1970). Others have 

found that dolphins may detect metal spheres with diameters larger than 3 mm at close range (Babkin 204 

and Dubrovskiy, 1971), which gives a ka product larger than 1 for frequencies above 80 kHz. In the 

wild, such acute detection abilities allow harbour porpoises to base foraging primarily on prey just 3-206 

10 cm in length (Wisniewska et al., 2016). While the use of more high frequency signals allows for 

a better resolution of structural features of a target and thereby target discrimination, it comes at the 208 

cost of reducing detection range due to a higher absorption loss for shorter wavelengths by the 

medium and hence an increased TL (Madsen and Surlykke, 2013). In addition to absorption loss, 210 

which occurs directly in proportion to range, the TL also comprises a geometric spreading loss. In an 

open environment, the spreading loss can be approximated by spherical spreading following 212 

20log(R), whereas spreading loss in a shallow water area may be approximated by cylindrical 

spreading following 10log(R) (Urick, 1983). However, echolocation clicks have short durations from 214 

a few tens to a few hundreds of microseconds, which reduces the risk of direct signals overlapping 

with surface or bottom reflections. The 20log(R) approximation is therefore still likely to hold even 216 

when analysing toothed whale recordings from shallow water habitats (DeRuiter et al., 2010), and 

when also considering the directionality of the biosonar beams that toothed whales use, which 218 

increase the range before sound becomes trapped between the surface and the bottom. However, 

echolocation is likely confounded from multipath propagation of outgoing signals and incoming 220 

echoes, which results in echo return delays that no longer correlate with target range. This then raises 

the question of whether toothed whales use highly different biosonar beamwidths in shallow versus 222 

deep-water habitats. 

Acoustic field of view in toothed whales 224 

The biosonar beam directivity is determining for an animals acoustic field of view (FOV). The FOV 

may either be seen as the volume of medium that is being sampled by the biosonar beam (Jakobsen 226 

and Surlykke, 2010; Moss and Surlykke, 2010) or as the angle that the beam covers without inference 

of the depth of view or volume being sampled (Madsen et al., 2013a). I will hereafter refer to FOV 228 

following the latter definition. The FOV is likely to have been under high evolutionary selection 

pressure since the implications of either increasing or decreasing FOV each comes with pros and 230 

cons. If DI is increased, thus narrowing the FOV, the on-axis SL increases if input energy remains 

constant. This improves ENR for echoes returning from objects close to the acoustic axis while 232 

reducing the ENR for echoes returning from larger off-axis angles (Figure 3). The benefits of a higher 
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DI may therefore include an increased detection range, improved bearing estimates to the objects that 234 

return detectable echoes, and a simpler self-generated acoustic scene to interpret since fewer echoes 

returning within a given time window means fewer clutter problems. However, a narrower FOV also 236 

reduces the chance of detecting nearby targets/obstacles. To counteract this, higher click and scanning 

rates are needed, or alternatively a slower swimming speed, to effectively search the environment. 238 

Figure 3 A 2D projection 
of targets ensonified by a 240 
tagged Blainville’s beaked 
whale B as a function of 242 
range in metres and 
angles in degrees. Colour 244 
indicates the received 
level of echoes corrected 246 
for the two way 
transmission loss. Note 248 
how only targets within a 
narrow cone ahead of the 250 
tagged animal give rise to 
detectable echoes. This 252 
transmitting directionality 
provides, along with a 254 
matching receiving 
directionality, a narrow 256 
acoustic field of view 
ahead of the whale C. 258 
Figure and caption from 
Madsen et al. (2013a). 260 
 

Beaked whale studies have shown that during manoeuvring, where animals encounter unsearched 262 

volumes of water, the information gathered from 1.5-3 clicks on average may be sufficient to make a 

decision to initiate a prey approach (Madsen et al., 2013a). This shows that missing just one or a few 264 

clicks does indeed matter in terms of locating a prey or not and likely results in a strong selection 

pressure against too narrow a FOV. General trade-offs like that may explain why Amazon river 266 

dolphins that live in shallow, murky waters use a FOV surprisingly similar to that of oceanic dolphins, 

as I have demonstrated in a linear hydrophone array study (Chapter 2), and why toothed whales in 268 

general have converged on a DI of approximately 26±2 dB irrespective of body size (Chapter 

6)(Koblitz et al., 2012).  270 

19



Introduction 

 
 

Although the overall DI is relatively constant across species, it has been shown that animals can adjust 

the DI by about 6 dB, which happens during close-up target inspection where the FOV is broadened 272 

(Jensen et al., 2015; Wisniewska et al., 2015). I have shown in the first study on toothed whale 

directivity adjustments on prey in the wild that Amazon river dolphins use a similar 4-5 dB adjustment 274 

over that last ten metres of target approaches (Chapter 3). This was studied using a star-shaped 

hydrophone array together with an additional hydrophone about a metre in front of the array. A dead 276 

fish was attached to this hydrophone to lure in wild animals and to increase the chance that biosonar 

focus was on our recording setup that allowed acoustic localisation of the river dolphins to estimate 278 

source parameters including DI adjustments while also recording received levels directly at the prey 

(Chapter 3). A decreased directivity increases the volume between predator and prey that is ensonified 280 

sufficiently to yield detectable prey echoes, thus increasing the chance of detecting prey echoes 

despite of head scanning or sudden prey movements. It follows from the ka relationship that DI will 282 

change by 6 dB by doubling or halving either the effective aperture radius or the click frequency. 

Frequency changes of an octave or more do seem to occur in the broadband clicks of some delphinids 284 

(Au et al., 1995; Au and Würsig, 2004), however, NBHF species that produce signals exclusively 

above 100 kHz and close to the upper limit of their hearing range do not seem to have much flexibility 286 

in DI through frequency adjustments (Koblitz et al., 2012). So, especially for NBHF species, and 

potentially in all toothed whales, the primary mode of adjusting DI must be through adjustment of 288 

the effective transmitting aperture size. However, the melon volume cannot be altered except through 

growth; e.g. a 10 dB change in DI would require a threefold change in effective aperture size from 290 

conformational changes alone via facial muscle contraction (Harper et al., 2008), which changes the 

refraction of sound waves following Snell’s law at the tissue water boundary (Litchfield et al., 1979). 292 

Such high DI flexibility has never been demonstrated in toothed whales, but if possible then the 

hypertrophied sperm whale nose or the highly flexible melon in the beluga might be prime candidates 294 

to study. However, in most toothed whales, the combined effect of minor frequency changes and 

limitations in effective aperture size adjustments is probably unlikely to result in a FOV change much 296 

larger than a factor of about two. This may explain the relatively modest DI adjustments during prey 

interception that I found in wild Amazon river dolphins (Chapter 3). While an approximate two-fold 298 

change in beamwidth has also been found in bats, the consequences are somewhat different in 

absolute FOV as the DI in bats is around 5-15 dB [estimated using the frequencies and equivalent 300 

piston radius reported by Jakobsen and Surlykke (2010) for vespertilionid bats, and a 20log(ka) 

approximation for DI (Zimmer et al., 2005)]. The 3-10 times broader biosonar beams of bats 302 
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compared to toothed whales (Chapter 6) may indicate different selection pressures in FOV that could 

reflect that bats often detect and capture prey within <1 s, while toothed whales may have several and 304 

even tens of seconds between detection and the following capture attempt (Madsen and Surlykke, 

2013). This may lead to the hypothesis that because toothed whales on average are likely to have 306 

longer time for decision-making following initial target detection, i.e. deliberate versus reactive 

sensorimotor operation (Madsen and Surlykke, 2013), it can better tolerate  scanning the environment 308 

with a relatively narrow biosonar beam without compromising either the avoidance of obstacles or 

the detection of prey. However, a crucial difference between echolocation in air and water is that the 310 

frequencies that both bats and toothed whales operate at, are rapidly attenuated in air because of much 

higher absorption loss (Griffin, 1971; Urick, 1983), which may be the primary evolutionary driver of 312 

FOV in bats. The trade-offs between low frequency calls giving long detection ranges versus high 

frequency calls giving efficient backscatter against small insect prey and improvements of target 314 

discrimination may have forced bats towards a reactive mode of sensorimotor operation, whereby a 

broad FOV offers some compensation in terms of situational awareness (Madsen and Surlykke, 316 

2013). Although several studies hypothesize that the toothed whale FOV is primarily adjusted through 

conformational changes of the melon (Jensen et al., 2015; Wisniewska et al., 2015), it is yet to be 318 

quantified how much the shape of the melon must change to result in a certain change in DI. One way 

to study the 3D shape changes of the melon could be a multi-camera approach using a stationed 320 

animal that is presented with a target that is moved closer and closer to elicit a change in beam pattern, 

while this is recorded using a multi-hydrophone array. FOV control could also be studied in a clutter 322 

and reverberation context, where a narrow biosonar beam would be expected to increase the echo-to-

reverberation level. Captive experiments suggest that biosonar beam changes primarily occur shortly 324 

before target contact (Wisniewska et al., 2015). However, by having animals approach a target 

immediately in front of a complex background, I hypothesize that the animals will decrease their FOV 326 

at an earlier approach stage compared to uncluttered control trials and increase biosonar scan rate to 

create simpler acoustic scenes wherein to detect and process target echoes. 328 

Echolocation in clutter and reverberation 

The detection of targets is usually thought of as involving only the echoes that return on a direct path, 330 

while reflections back and forth in the environment may be considered reverberation, but will an 

echolocating animal be able to separate echoes returning directly from a target from e.g. surface 332 

reflections? If a dolphin produce a click at 1 m depth 5 m from a target also at 1 m depth, then the 
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surface reflection of the echo will arrive about 260 µs (2(sqrt(12+(5/2)2)-5)/1500) later than the direct 334 

signal. This delay is approximately the same as the integration time of the inner ear of dolphins 

(Moore et al., 1984; Au et al., 1988; Dubrovskiy, 1990). Therefore, for increasingly longer target 336 

ranges where the angle of arrival between the direct and reflected signal converges and receiving DI 

becomes less important, the dolphin will theoretically increase the total received echo energy within 338 

the same integration time window by up to 3 dB. However, the potential improvements of detection 

performance from surface reflections has yet to be demonstrated in an experimental setup. While 340 

trailing surface reflections of target echoes may add to the ENR, the clutter echoes from non-target 

objects and reverberation following click production may also contribute with energy in the same 342 

integration time window and interfere with target detection. In a situation where the reverberation 

level exceeds the NL, the detection performance cannot be improved by increasing the SL because 344 

this also increases clutter and reverberation levels (Urick, 1983; Au, 1992). Detection performance 

under cluttered and reverberation-limiting conditions have been studied in the bottlenose dolphin and 346 

beluga using clutter screens constructed of cork balls, designed to introduce additional acoustic 

interference. By varying the target distance to the clutter screens and using targets with different TS, 348 

it has been shown that both species can detect targets above chance level when targets are within the 

plane of the clutter screen if the echo-to-reverberation level is above ~0 dB (Au and Turl, 1984; Turl 350 

et al., 1991). These studies were conducted using stationed animals, however, biosonar adjustments 

in reverberation and complex acoustic scenes is practically an untouched area in free-swimming 352 

animals (Murchison, 1980; Verfuß et al., 2005).  

In an unpublished pilot study on harbour porpoises during my PhD, I also studied the effects of clutter 354 

using a 2x3 m clutter wall, constructed of a net and floats containing minute air bubbles. Two 

porpoises were blindfolded with opaque suction cups and tasked with capturing dead fish at ranges 356 

from 0 to 1.5 m from the clutter wall, although the fish-to-wall distance was not easily controlled 

because of tidal current through the sea-pen. One of the porpoises often decreased click rates during 358 

prey approaches compared to trials without the clutter wall. This contrasts a previous single trial 

example showing that a harbour porpoise will click faster as it approaches prey in cluttered conditions 360 

until the onset of buzzing at the time of prey capture where buzz rates become slower compared to 

an uncluttered control trial (Miller, 2010). In my clutter experiment there was no apparent change in 362 

click rates during buzzing, and although one animal used significantly higher SLs during control 

trials, the second animal neither adjusted SL nor interclick intervals (ICI) differently in control and 364 

test conditions. However, both animals did seem to prefer to approach the clutter wall from an angle 
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that was not perpendicular to the clutter wall. This may relate to the finding by Turl et al. (1991) that 366 

detection performance increases when the angle to a clutter screen is not perpendicular. A tentative 

conclusion on my study may be that animals do not only rely on biosonar changes, but also exploit 368 

their manoeuvrability when solving tasks in challenging conditions. Controlling the swim path may 

therefore aid interpretation of biosonar adjustments. A way to achieve this would be to have an animal 370 

move through a hole, as done in bat studies (Jensen et al., 2005; Surlykke et al., 2009), or even create 

a long corridor with a target at the end and a hydrophone array behind to measure beam adjustments. 372 

By designing the corridor similar to a fyke segment of varying diameter, it could then be studied how 

this might affect beamwidth adjustments as the animal approaches the target and the reverberation 374 

level and clutter problems gradually change. I hypothesize that animals would use a narrower 

beamwidth and a lower SL than during control trials. One problem with clicking at high SL in 376 

cluttered conditions is that click rates must consequently be decreased unless the animal can handle 

the range ambiguity problems that arise from late arriving echoes from non-target objects.  378 

Biosonar click rates and range ambiguity problems 

The simplest and most reliable method for range estimation through echolocation is to produce a 380 

signal and wait for all relevant echoes to return before producing a new signal. This ensures that the 

time delay between received echoes and the last outgoing signal always correlate with range to 382 

ensonified objects. Numerous experiments have shown that toothed whales generally click at rates 

ensuring that the ICI is kept above the two-way travel-time (TWTT) of sound to the target of interest 384 

and back whether solving detection tasks in a captive setting (Au et al., 1974; Thomas and Turl, 1990) 

or actively chasing prey in the wild (Madsen et al., 2005; Wisniewska et al., 2016). The biosonar 386 

behaviour associated with prey capture in toothed whales generally resembles the three biosonar 

phases outlined for bats by Griffin (1958): During the search phase, an animal emits relatively long 388 

ICIs, which then gradually decrease during the approach phase. Shortly before a prey capture attempt, 

the click rate transitions into a buzz phase characterized by very short ICIs although still exceeding 390 

the TWTT (Madsen and Surlykke, 2013). The consequence of clicking at ICIs shorter than the TWTT 

is that range ambiguity problems likely arise unless the animal can keep track of the time delay from 392 

multiple click events and correctly assign returning echoes to one out of several previous clicks. 

However, range ambiguity problems may also be reduced by decreasing SL when clicking at high 394 

rates (Figure 4). The smallest toothed whales, which often click at the highest rates (Madsen and 

Surlykke, 2013), are often, but not always, found in near coastal habitats or even shallow rivers, where 396 
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clicking at extreme output levels is unlikely to benefit the animals because clutter and reverberation 

problems will then persist for longer after each click event. The advantages of clicking at low 398 

amplitude in shallow waters thus essentially reduces range ambiguity to a problem for only relatively 

close objects/targets, which again allows for a higher click rate, and may explain why river dolphins 400 

click at 2-4 times the rates compared to other similar sized species (Chapter 2). On the other hand, 

larger toothed whales that feed at hundreds of metres or even a few kilometres depth benefit greatly 402 

from high SLs that are optimal for long-range echolocation, but will have to click at slower rates to 

avoid range ambiguity. The range over which range ambiguity is likely to be a problem for various 404 

species therefore at least partly scales with body size, as do the biosonar parameters that they use 

(Chapter 6). While this scaling may primarily revolve around optimizing biosonar beam directivity 406 

to a body size independent FOV (Chapter 6), there is also evidence to suggest that the click rates used 

by different species may scale with manoeuvrability, so that slow-turning species use slower click 408 

rates, but that relative click rate always increases when new unsearched volumes are encountered 

(Johnson et al., 2008; Madsen et al., 2013a; Madsen and Surlykke, 2013). Some bats may partly 410 

overcome the range ambiguity problem by alternating the frequency content of every second 

echolocation call, thus presumably increasing the inspection range beyond that dictated by the ICI 412 

duration (Jung et al., 2007; Hiryu et al., 2010; Ratcliffe et al., 2011). Although dolphins do have 

some control over frequency content on a click-to-click basis (Moore and Pawloski, 1990) no similar 414 

observations have been reported for toothed whales. The general observation that ICI always exceed 

the TWTT (Au, 1993) therefore indicate that toothed whales cannot easily resolve range ambiguity 416 

problems. However, to fully exclude the risk of range ambiguity, the toothed whales would have to 

register each target detection before producing a subsequent click; this leads to the question of 418 

whether or not each echo is processed before a new click is emitted.  
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Figure 4  A The envelope of the FM 420 
and buzz clicks during the 
approach and capture phase as a 422 
function of time from the end of 
the buzz. Note the dramatic 424 
change in acoustic gaze via a 
reduction in amplitude (two orders 426 
of magnitude) and increase in 
sampling rate (two orders of 428 
magnitude) that effectively reduce 
the auditory scene to a single 430 
target during the buzz. B Echogram 
of the approach to and capture of 432 
a prey using the clicks displayed in 
a. All clicks are time aligned at 434 
range 0 m, and energy is then 
colour coded as a function of the 436 
TWTT and hence range from each 
click. Note how several targets can 438 
be seen in the approach phase, but 
that the transition to a buzz leaves 440 
only a single target for fine scale 
tracking. The spurious v-shaped 442 
structures at range 3 and 5.5 m in 
the buzz are generated by the next 444 
clicks. C Interclick intervals (ICIs) of 
FM and buzz clicks showing the 446 
lack of TWTT adjustment in the 
approach phase, but close tracking 448 
in the buzz phase. The blue line is 
the TWTT derived from the echo 450 
delays in B. Figure and caption 
from Madsen et al. (2013a). 452 

Lag time 

The time delay from echo reception to subsequent click emission (i.e. ICI minus TWTT) is known as 454 

the lag time, and is a measure that has been subject of a great deal of speculation. Early studies on 

bottlenose dolphins (Tursiops sp.) showed that the lag time is kept rather constant between 20-50 ms, 456 

irrespective of target range for ranges between 0.4-120 m (Evans and Powell, 1967; Morozov et al., 

1972; Au et al., 1974). This prompted formulation of the hypothesis that lag time is a proxy for neural 458 

processing time of the target echo (Au, 1993). However, others have found that a false killer whale 
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(Pseudorca crassidens) may use average lag times between 80-150 ms at target ranges between 40-460 

120 m (Thomas and Turl, 1990), which then begs the question if echo processing is a much slower 

process in this species than in bottlenose dolphins, or if lag time represents something else. If 462 

delphinids indeed spend at least 20 ms on processing target echoes, and this echo processing is 

required before each subsequent click is produced, then it is puzzling how delphinids cope with 464 

buzzing events, where ICIs are as short as 2 ms (Wisniewska et al., 2014) and lag times are by 

definition  even shorter. Auditory brainstem response (ABR) studies demonstrate that an echo ABR 466 

continues more than 4 ms after echo reception (Linnenschmidt et al., 2012; Finneran et al., 2013) and 

hence even lower order neural processing is unlikely to be completed in the lag time following a buzz. 468 

More than one echo may therefore be processed at a time during buzzing (Verfuß et al., 2009; 

Wisniewska et al., 2012) unless processing speed can be increased. Thus, the whole idea that lag time 470 

reflects a neural processing time is currently not based on any conclusive data. It may just as well be 

hypothesized that animals operate with a certain lag time to provide unambiguous localization of 472 

potential objects in the immediate background of a main target, and that echo processing does not 

happen in click-echo pairs, but rather is integrated over many of such. Toothed whale ICIs often seem 474 

to fluctuate even when target range is constant (Au et al., 1974), so operating with an average lag 

time of some tens of milliseconds, except during buzzing, may therefore be a safety margin to ensure 476 

that range ambiguity problems rarely occur. On the other hand, there is evidence that beaked whales 

make decisions based on merely 1.5-3 clicks (Madsen et al., 2013a) which suggests that single echo 478 

processing might be completed within the lag time. However, beaked whales also operate with ICIs 

of hundreds of milliseconds even during short-range echolocation (Figure 4), where lag times will also 480 

be hundreds of milliseconds. This leaves much longer time for echo processing before a subsequent 

click production than in e.g. riverine species that may operate with average search or approach phase 482 

ICIs of just 35 ms (Chapter 2)(Jensen et al., 2013), and the even shorter ICIs that small toothed whales 

use during the buzz phase. It is therefore difficult to conclude on whether toothed whales process and 484 

experience single echo returns as individual pieces of information or use some kind of running 

average to form a representation of the environment, or even whether they switch between different 486 

processing modes depending on click rate and inspection range (Verfuß et al., 2009; Wisniewska et 

al., 2012). One potential method for studying the importance of single echo information could be via 488 

a phantom target experiment, where a stationed animal is presented with one phantom target echo per 

emitted click, and where each echo delay is then varied in a predictable manner corresponding to a 490 

steadily approaching target. By then suddenly introducing a single phantom target echo at a non-
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predictable delay corresponding to an abrupt target movement, it could then be studied if the animal 492 

adjust ICI accordingly. An especially strong response is hypothesized if the phantom target echo is 

delayed by more than the previous ICI so that range ambiguity will occur if the click rate is not 494 

decreased already at the next click event. If a single echo outlier does not cause an observable ICI 

change, the number of phantom target echoes corresponding to a different target range and movement 496 

track could then be increased in subsequent trials until the animal begin increasing ICI to resolve 

range ambiguity problems for the alternating target range that is momentarily introduced. Because 498 

toothed whales generally seem to avoid range ambiguity (Au, 1993), the ICI is always predicted to 

exceed a minimum duration depending on target range, so another question is if the target range might 500 

be estimated in a somewhat reliable manner from the ICI? 

Inspection range 502 

Repeated findings show that toothed whales adjust the ICI to exceed the TWTT to targets at a given 

range, but how do animals adjust their ICI when no targets are present? There is evidence to suggest 504 

that a dolphin may also regulate ICIs based purely on expectations of target range as shown in 

detection experiments during target-absent trials (Penner, 1988). The ICI may therefore indicate an 506 

animal’s maximum inspection range (Penner, 1988; Thomas and Turl, 1990; Akamatsu et al., 2005). 

Field studies have, in order to investigate range-dependent biosonar adjustments (Au and Herzing, 508 

2003), used this inference to provide a best guess at whether wild toothed whales are inspecting 

hydrophone arrays. If echolocation clicks fulfil a set of on-axis criteria, and the ICIs are longer than 510 

the TWTT, then this might show that the array is being inspected by the echolocating animal although 

it still cannot determine whether a target that they are actually investigating is further away than the 512 

array (Jensen et al., 2009). In studies where all on-axis click ICIs exceed the TWTT, it seems 

straightforward to jump to the conclusion that animals have likely been focusing on the array, but 514 

how should results be interpreted when some ICIs fall below the TWTT while others exceed it? In 

my first study of Amazon river dolphins (Chapter 2), there was a statistically significant relationship 516 

between range and ICI although an increasing number of ICIs fell below the TWTT above localisation 

ranges of 17 m. If the current view on inspection range is correct, this result indicates that a relatively 518 

large proportion of on-axis clicks were likely not focused on the array, so is it then still fair to assume 

for the remaining clicks that biosonar attention was directed at the array? The lowest on-axis click 520 

ICIs were 15-20 ms over the entire localisation range (Ladegaard et al., 2015), so I speculate that the 

animals in many cases did not adjust their acoustic gaze to the recording array when scanning across 522 
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it. Whether this is true or not, the uncertainty of animal focus highlights that some reservation should 

be in place when interpreting data from animals that have no clear motivation to adjust to a random 524 

structure in their environment. For some species the ICI may not even be adjusted to a primary target 

at all, as for example beaked whales operate at constant ICIs without adjusting to prey targets that 526 

they are clearly interested in given that these are pursued and intercepted (Figure 4), which is also an 

observed biosonar behaviour in some sperm whale populations, but not others (Fais et al., 2016). The 528 

conclusion seems to be that ICI does reflect inspection range in some species under some conditions, 

but also that a knowledge of the species, and potentially also the population, in question is needed 530 

together with some interpretive reservation, before ICI is used as a proxy for biosonar range to 

inspected targets. Increased confidence regarding focus and range-dependent biosonar adjustments 532 

may possibly be placed in results obtained using captive animals trained to respond to specific targets 

(Chapters 4 and 5) or when wild animals display apparent behaviours that indicate interest [in the 534 

array?] (Au and Herzing, 2003) or are rewarded for approaching an array (Chapter 3). It is important 

to keep in mind that clicks from a foraging animal can be recorded on-axis, and that their apparent 536 

biosonar adjustments therefore likely reflect various unknown ranges to moving prey rather than 

adjustments to the hydrophone array (Chapter 3). If recording a pod of foraging animals, a variety of 538 

highly different ICIs and SLs may therefore be recorded at the same time for roughly the same range, 

thereby being near impossible to make sense of, but how do the animals themselves make sense of 540 

the acoustic scene in the presence of other echolocating conspecifics? 

Jamming 542 

When foraging toothed whales hunt for prey collectively, each animal is presumably being 

bombarded with the echolocation signals from conspecifics and the consequent clutter echoes and 544 

their reverberations, but it is yet to be explored how toothed whales cope with tracking and capturing 

prey in conditions that might result in jamming. Such seemingly interfering sounds have, for some 546 

bats (Chiu et al., 2008) and toothed whales (Götz et al., 2006), been demonstrated as a potential 

source of information that can be exploited by nearby animals switching to passive listening, while 548 

other bats may continue echolocation, but use different call parameters as a likely jamming avoidance 

response (Obrist, 1995; Ulanovsky et al., 2004). The comparatively much shorter signal durations of 550 

toothed whale clicks reduce the risk of overlap with signals and echoes from conspecifics. However, 

the problem of discriminating self-generated echoes in a complex acoustic scene where interfering 552 

signals and echoes have similar spectral characteristics and may cause forward masking still needs to 
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be resolved either by elaborate neural processing or by the adjustment of biosonar parameters. 554 

Directional hearing will alleviate part of the problem, and following initial target detection, the 

animals may also adjust according to expectation during periods where a few target echoes are 556 

missed, so the question is how serious the jamming needs to be before it constitutes a critical problem? 

In order to study how jamming might change the biosonar behaviour in toothed whales, I have 558 

collected a data set on two trained harbour porpoises. This study is not included as a separate chapter 

in this thesis, because the data analysis is not yet completed, however because so little is known I will 560 

briefly outline the insight offered by a quick look at the data. The porpoises were trained to swim 

approximately 13 m and touch a three-inch metal sphere target while blindfolded with opaque suction 562 

cups at the research facility Fjord&Bælt in Kerteminde, Denmark. The porpoises were instrumented 

with a Dtag (www.soundtags.org/dtags/dtag-3/, Scottish Oceans Institute, University of St Andrews, 564 

Scotland) during the approaches, while the received level was also measured by a hydrophone on top 

of the target sphere. Immediately below the target was a second hydrophone that acted as a transducer 566 

through which a porpoise click was played back at a controllable rate and amplitude to act as a 

jamming signal. An additional hydrophone emitted sweeps from 180-220 kHz, i.e. above the porpoise 568 

hearing range, at increasing rates to produce a unique delay between each sweep pair, which then 

allowed accurate range estimation between the synchronised Dtag and target hydrophone based on 570 

time-of-arrival differences of the recorded sweeps. Throughout an approach, the jamming click 

amplitude was held constant while the click rate was either held constant or set to vary randomly by 572 

up to ±50 percent around some mean ICI value to eliminate the porpoises’ ability to predict the exact 

timing of jamming signals. One of the hypotheses made before conducting this study was that the 574 

porpoises would cease echolocation potentially above some critical jamming signal amplitude and/or 

below some ICI threshold and thereafter rely on passive sonar to find and make contact with the target 576 

or alternatively, and more likely, give up. An alternative hypothesis was that the porpoises would 

solve the jamming problem by adjusting the click production rate so that target echoes were not 578 

received together with or shortly after jamming signals in trials with constant jamming ICI. Though 

the data is yet to be fully analysed, some preliminary results show that the porpoises never ceased 580 

echolocating and that they always managed to intercept the target. It seems that when jamming signals 

are operated at high amplitudes and fast click rates, the porpoises react by increasing both buzz 582 

duration and amplitude of the buzz clicks. In some of the most difficult trials with jamming signal 

SLs of 140 dB re. 1 µPa peak-to-peak at 1 m and randomly varying ICIs around 3 ms, the animals 584 

would stop near the target and then produce a high-amplitude buzz before swimming the last few tens 
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of centimetres to touch the target. An example of this is seen in Figure 5. Control trials showed that 586 

when the jamming signal was played from a location 1 m away from the target, the porpoises would 

still solve the task of finding and touching the target while echolocating thus supporting that the 588 

porpoises were in fact using echolocation and not passive sonar to solve the task. A preliminary and 

therefore cautious conclusion may be that harbour porpoises are highly resilient to potential jamming 590 

problems, but when challenged they react by increasing buzz duration and amplitude. This resilience 

may come from an ability to use auditory stream segregation to single out the relevant echoes for 592 

target tracking as proposed for bats (Barber et al., 2003; Moss and Surlykke, 2010). Future studies 

should investigate if the observed jamming response could instead be a Lombard reflex, whereby 594 

signal characteristics change as a reaction to the jamming sound, and if not then examine how the two 

responses may differ. 596 

 

Figure 5 Data from a single trial in my unpublished jamming experiment. A Recording made immidiately 598 
above a three inch aluminum sphere target that is being approached by a harbour porpoise starting from 13 
m and touching the target at time 0 s. The jamming signal (a harbour porpoise click) is played out randomly 600 
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from a transducer situated oppiste of the recording hydrophone on the sphere target at 3±1.5 ms interclick 
intervals at a source level of 140 dB re. 1 µPa throughout the trial (shown in red). The echolocation clicks 602 
produced by the approaching harbour porpoise are shown in black. Seventeen black dots at 0 kPa mark the 
time of sweep emition from a third hydrophone on the target to be used for range estimation.  B Recording 604 
from a Dtag placed immidiately behind the blowhole. Colour coding as in A. A few of the jamming clicks have 
errouneously been automatically detected as porpoise echolocation clicks in the first second after target 606 
contact. C Echogram showing the incoming echoes and jamming sounds that the porpoise is receiving in a 
series of colour coded time windows of a duration corresponding to a 5 m range with each window starting 608 
at the the time of click production. Note the surface reflection between 0.5 to 1 m and the incoming target 
echo that is coming into view around 4 s and steadily increases in amplitude until target contact at 0 s. Note 610 
also the many transient signals that increase in amplitude up until and shortly after the target contact time, 
which are both directly received and are reflections of the jamming signals. 612 

Biosonar gain control 

Toothed whales may have much to gain from biosonar adjustments when echolocation conditions are 614 

challenging, but even without severe problems of jamming, clutter, noise, or reverberation, it is likely 

still useful to adjust especially SL given the logarithmic change in transmission loss that affects 616 

returning echo levels (Urick, 1983). Toothed whale output levels are often viewed as being 

automatically regulated by the click rate. This follows the argument that the sound production system 618 

resembles a pneumatically charge limiting capacitor, so that a slower click rate allows for a higher 

pressure build-up, and results in a higher SL (Au and Benoit-Bird, 2003). This automatic gain control 620 

(AGC) mechanism has been proposed to adjust SL in an approximately 20log(R) manner, although 

SL may vary tens of dB for the same range (Au and Benoit-Bird, 2003; Au, 2004). The 20log(R) 622 

output adjustment corresponds in magnitude to a one-way TL assuming spherical spreading loss and 

will result in the echo level increasing 6 dB for each halving of target range rather than by 12 dB if 624 

SL was constant. The first study to propose this general AGC mechanism in toothed whales 

speculated that this type of AGC was an adaptation to stabilize echo levels when animals echolocate 626 

fish schools that reflect energy similar to volume reverberation (Au and Benoit-Bird, 2003). Because 

the recorded dolphins were assumed to adjust their biosonar to a relatively small hydrophone array 628 

(Au and Herzing, 2003) that does not reflect energy akin to volume reverberation, the unlikely 

implication of the fish school hypothesis would then be that dolphins always adjust to any target as 630 

if it was a fish school. Although toothed whales may seek out prey dispersed in patchy prey schools, 

they always catch prey one at a time, so I argue that evolutionary pressure would be higher on 632 

improving range-dependent biosonar adjustments to single targets rather than to prey schools, and I 

therefore regard the fish school hypothesis as unsupported. It has since then been shown that 634 
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stabilization of echo levels may in fact be achieved to single targets owing to an approximate 20log(R) 

AGC on the hearing side of the biosonar system for target ranges up to 10-20 m (Linnenschmidt et 636 

al., 2012; Finneran et al., 2013; Supin and Nachtigall, 2013). This hearing AGC mechanism 

seemingly come from release of forward masking effects rather than a stapedial reflex as seen in bats 638 

(Supin et al., 2008; Finneran et al., 2016; Schrøder et al., 2017). However, our finding of no SL 

adjustment to TS demonstrate that animals may still have to work with perceived echo level dynamics 640 

of at least a few tens of dB for different targets during approach (Chapter 5). Operating two gain 

control systems simultaneously is different from most technological sonar systems where the sonar 642 

output is generally kept constant while a time-varied receiver gain control following 20 or 40log(R) 

is applied for distributed or single target detection, respectively (MacLennan, 1986), which keeps 644 

perceived echo levels constant for the same TS. Considering only single target detection with a man-

made sonar system, the received echo levels will decrease by -40log(R) (two times spherical 646 

spreading loss), which is fully compensated for by the receiving AGC. Similarly, when approaching 

a single target while operating a receiving AGC following 20log(R) and an output AGC following 648 

20log(R), then the received echo levels from this target will decrease by -20log(R), but will be 

perceived as constant. However, in a multi-target scene where output AGC is still only adjusted to a 650 

single main target, the echoes from all objects closer than the main target will be perceived as 

increasing in level. Contrarily, echoes from all objects at ranges further than the main target will be 652 

perceived as decreasing in level because output AGC is not adjusted to these ranges while receiving 

AGC is not range-specific and therefore compensates by 20log(R) for all ranges. Such a dual AGC 654 

system may therefore work to reduce clutter echoes from objects more distant than the main target 

(Finneran et al., 2013) while increased echo levels returning from objects between an animal and its 656 

main target may be relevant for situational awareness and obstacle avoidance during swift 

manoeuvring when chasing prey. However, if intermediate objects are present, then toothed whales 658 

may not operate their biosonar in an exclusive lock-on mode with respect to just one target, but may 

switch biosonar focus between various environmental features as seen in bats navigating obstacles 660 

during prey approaches (Surlykke et al., 2009; Moss and Surlykke, 2010). If gain control adjustments 

shift relative to multiple target ranges in complex acoustic scenes then the expectation might be that 662 

the average adjustment magnitude is highly varying between studies recording animals in the wild. 

Nevertheless, several field studies have found an average transmitting gain control close to 20log(R) 664 

(Rasmussen et al., 2002; Au, 2004; Jensen et al., 2009). While this could point to a fundamental mode 

of biosonar adjustment in toothed whales, there are several caveats that can steer towards exactly such 666 
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a conclusion, as I also point out in-depth in Chapter 3. I will here exemplify some of the pitfalls using 

published data from hydrophone array studies (Figure 6), although I cannot know if the portrayed 668 

problems do in fact apply to each of the studies used as examples. 

 670 

Figure 6 Upper panel: Data from three different studies presented in Au and Benoit-Bird (2003), who 
concluded that the data follow 20log(R). However, neither the clipping level nor the click detection threshold 672 
were reported. I have added two blue lines following 20log(R) on top of the original figure to show that the 
data distribution boundaries in some cases are well explained by such a relationship. Middle panel: The left 674 
plot is from Li et al. (2006). In the right plot I have selected the indivdual data points from the plot on the left 
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using Matlab to show the data distribution in a semilogarithmic plot and with similar y-axis limits as in the 676 
upper panel. Note the low range-specific source level variation compared to other plots. This potentially 
indicates that signal clipping has been an issue, but this is unknown as the clipping level was not reported. 678 
Lower panel: Figure from Jensen et al. (2009). The left plot, which shows all clicks recorded both on and off-
axis whereas only on-axis clicks are shown in the right plot. As Jensen et al. (2009) points out, the lower data 680 
distribution in the left plot is likely set by the click detection threshold. I have added blue 20log(R) lines 
corresponding to the click detection threshold and clipping level reported in that study. While the right plot 682 
appears to be free from 20log(R) filtering, an additional filtering effect coming from the on-axis criteria (of 
selecting the highest amplitude click within a click sequence of a minimum number of clicks, all above the 684 
detection threshold) might have introduced a bias to an unknown degree.  

Any recording system is limited by some SNR below which signals are no longer detectable and 686 

another threshold above which signals are clipped due to saturation of the receiving system. An 

echolocation click produced far away from an array is less likely to saturate the recording system, 688 

because its amplitude is reduced more by TL than a click produced at close range, but for the same 

reason, the distantly produced click is also less likely to exceed the detection threshold. If these 690 

problems occur, then the upper and lower distribution of back-calculated SL as a function of range 

will be given by 20log(R) assuming spherical spreading loss. The upper panel in Figure 6 shows three 692 

different data sets from studies where the click-detector threshold nor the clipping level were reported, 

but where inserted 20log(R) lines do seem to follow at least parts of the data distribution boundaries. 694 

Potential limitations in dynamic recording range may therefore have sculpted a closer than actual fit 

towards 20log(R). A perfect fit to the estimated TL is expected to arise if all clicks in a data set suffer 696 

from clipping problems since the RL at all ranges will be the same. However, digital filtering may 

introduce variation on the order of a few dB, as I show in Chapter 3, which may explain the small SL 698 

variation shown in the middle panel in Figure 6, although this cannot be established for that specific 

study due to a lack of reported information of the recording system. The lower panel in Figure 6 shows 700 

an example where the total population of detected clicks have been subject to 20log(R) filtering due 

to the click-detector threshold, but where all on-axis clicks were found to exceed the click detector 702 

threshold by roughly five dB or more (Jensen et al., 2009), thus seemingly indicating no 20log(R) 

filtering. However, in that study, on-axis clicks were only selected if they were part of a click train 704 

exceeding a certain number of clicks. When these clicks are selected from a 20log(R) filtered data set 

this will raise the threshold for on-axis click selection above the click detector threshold by the RL 706 

dynamics within each biosonar scan across the array and a ~20log(R) filtering problem may persist 

(Chapter 3). Given the substantial variation of AGC adjustments found in toothed whales (Chapter 708 

5), it seems safe to conclude that repeated findings of AGC following exactly the same range-
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dependent slope as the estimated TL are more likely to reflect uncritical data analysis than 710 

biologically meaningful results. In combination, the presented problems make comparison of gain 

control effects between studies extremely difficult, because the degree of 20log(R) bias in each study 712 

is likely to vary and impossible to deduce. In addition to preventing clipping problems (Madsen and 

Wahlberg, 2007), I have therefore proposed that gain control studies should attempt to limit analysis 714 

to the range where all on-axis SLs exceeds the click detector threshold plus 20log(Rmax), where Rmax 

is the maximum range considered (Chapter 3). Such a criterion may also be relevant to studies of 716 

anthropogenic noise effects on toothed whale SLs (Scheifele et al., 2005; Holt et al., 2009; Holt et 

al., 2011), where I assume that 20log(R) filtering could also apply, as low-amplitude signals close to 718 

the noise floor were included in those studies and could explain results of a 1-to-1 dB relationship 

between increases in NL and detectable SLs. This may lead to erroneous conclusions on how well 720 

toothed whales can compensate for anthropogenic noise effects by overestimation of a potential 

Lombard reflex, which may have direct negative implications for management and conservation 722 

efforts.  

Despite potential misestimates of output gain control estimates in toothed whales, there is 724 

overwhelming evidence to suggest that gain control is indeed real for some species. Approximately 

20log(R) gain control has been found in captive studies (Atem et al., 2009; Wisniewska et al., 2012) 726 

whereas others have observed a lesser degree of gain control at about 15log(R) sometimes with 

substantial scatter (Beedholm and Miller, 2007; Finneran, 2013) as was also the case in our study 728 

presented in Chapter 5. The same is true for receiving gain control that has been reported as 10 to 

18log(R) (Linnenschmidt et al., 2012), whereas others have found ~20log(R) for ranges out to 10 to 730 

20 m followed by a less steep AGC slope out to 80 m in a manner roughly following the expectations 

from release of forward masking (Finneran et al., 2013; Finneran et al., 2016). All of this variation 732 

suggests that animals are not attempting to keep perceived echo levels constant for a given target that 

is approached, but clearly, the perceived echo levels vary much less than if no gain control was 734 

employed. Without output adjustments, the received echo levels would increase by 40 to 100 dB 

when approaching targets starting at 10-300 m relative to 1 m, which risks placing perceived echo 736 

levels outside the dynamic range of the hearing system where the threshold difference between 

sensitive hearing and severe hearing loss is ~70-90 dB (Mann et al., 2010). In our porpoise AGC 738 

study, we found that  animals adjust SL to target range, but not differently to targets differing in TS, 

and conclude that biosonar gain control serves to bring perceived echo levels within the dynamic 740 

working range of the hearing system, without excluding target size information from received echo 
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levels (Chapter 5). I speculate that this conclusion is true for both porpoises and delphinids, however, 742 

while output gain control seems to be an inherent part of echolocation in those families, the 

Blainville’s beaked whale has been found to use no gain control at all (Madsen et al., 2005). This 744 

may be an adaptation for consistently operating the biosonar at long inspection range and high SL, 

except during buzzing (Figure 4), which may be a specialization to deep-water echolocation. 746 

Nevertheless, relatively small delphinid species also live in deep-water oceanic habitats where they 

also forage hundreds of metres beneath the surface (Baird et al., 2001; Klatsky et al., 2007), but the 748 

scaling constraints that we have demonstrated across toothed whale body sizes (Chapter 6) dictate 

that these animals must find their distant prey using lower SLs than e.g. beaked whales or sperm 750 

whales. At ranges of several hundred metres, the output gain control of dolphins inevitably reaches 

the physiological output limits of their sound production systems, which raises the question of what 752 

gain control do animals use when no further gain can come from increasing SL? 

Click packets 754 

In the Griffin echolocation model with the three echolocation phases of search, approach, and buzz 

(Griffin, 1958), the shift from search to approach is identified as the onset of biosonar adjustments to 756 

a target. However, because echolocating animals may seek to place perceived echo levels within a 

range of high dynamic hearing sensitivity (Chapter 5), i.e. well above detection threshold and below 758 

saturation, the initiation of target adjustment may not reveal itself immediately after a target is first 

detected. For bottlenose dolphins, it has been shown that a three inch metal sphere may be detected 760 

up to ~113 m (Au and Snyder, 1980), but beyond this range only a limited number of studies have 

investigated the echolocation abilities and potential for biosonar adjustments in small toothed whales 762 

(Chapter 4)(Turl and Penner, 1989; Ivanov, 2004; Finneran, 2013). In these long-range echolocation 

studies, a different echolocation mode involving click packets has been observed that differentiates 764 

itself from the general echolocation rule of always receiving the target echo before producing the next 

click (Au, 1993). So far, click packets that have been observed for bottlenose dolphins (Ivanov, 2004; 766 

Finneran, 2013)(Chapter 4) and a beluga in captivity (Turl and Penner, 1989), and for false killer 

whales, Risso’s dolphins (Madsen et al., 2004), and rough-toothed dolphins in the wild (Rankin et 768 

al., 2015). Each click packet consists of a group of clicks where ICIs within a packet are much shorter 

than the TWTT to the biosonar target, but where the interval between successive packets usually 770 

exceed the TWTT (Finneran, 2013). As for stationed animals (Finneran, 2013), I have demonstrated 

for a free-swimming dolphin that the short ICIs in click packets do not come at a cost of reduced SLs 772 
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(Chapter 4) showing that constraints by a pneumatic charging capacitor model for click production 

(Au, 1993) is not a limiting factor for the decreasing SLs observed during approach phases. In my 774 

study, we used a highly trained bottlenose dolphin wearing a Dtag and tasked with seeking out and 

finding a target on which a SoundTrap was attached to record the echolocation clicks during 776 

approaches. By synchronising the Dtag and the SoundTrap in each trial, the time of arrival difference 

was accurately measured for recorded echolocation clicks to allow animal-to-target range estimation. 778 

With this method, it was possible to obtain range estimates out to the maximum starting ranges around 

400 m to show that click packets are common for target ranges beyond ~125 m, while range-780 

dependent SL and ICI adjustments primarily occur at shorter ranges, where click packets are not used 

(Chapter 4). The production of discrete echolocation click groups resembles the so-called strobe 782 

groups that are used by bats, but in bats the use of strobe groups is often correlated with the late 

approach phase (Moss and Surlykke, 2001; Moss et al., 2006), whereas packet production in toothed 784 

whales only occur at long target ranges (Turl and Penner, 1989; Ivanov, 2004; Finneran, 

2013)(Chapter 4). The production of strobe groups in bats is correlated with echolocation in cluttered 786 

acoustic scenes (Moss et al., 2006), so although click packets are not used in the same biosonar phase 

as strobe groups, it may be speculated that both phenomena are clutter related. All the studies on click 788 

packet production in captive toothed whales have been conducted in relatively shallow-water areas 

and hence it cannot be ruled out that click packets serve some function that reduces clutter or 790 

reverberation problems. However, such problems do seem unlikely to have interfered with target 

detection in phantom target experiments where the phantom target echo level has been held constant 792 

irrespective of simulated target range, but where click packets were still used at long target ranges 

(Finneran, 2013). A repeated finding is that the use of click packets seem to relate more to the echo 794 

delay than to the echo level (Finneran, 2013; Finneran et al., 2014). The few observations of click 

packet production in wild toothed whales have been made in deep water (Madsen et al., 2004; Rankin 796 

et al., 2015), but it has not been reported whether click packet production is an echolocation mode 

only used when close to the surface where reflections could potentially make echolocation more 798 

difficult. It would be highly interesting to place acoustic tags on some of the dolphin species that 

forage on mesopelagic prey several hundred metres from the surface to study whether these animals 800 

use click packets to seek out prey from long ranges. I predict that click packets are likely used for 

finding mesopelagic prey patches, but are sceptic that returning echoes may be recorded at detectable 802 

levels on the tags, from the ranges where click packets are used, so that we may learn whether animals 

will select specific prey to approach for capture already when echolocating in packet mode. Trained 804 
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bottlenose dolphins housed at a naval facility in San Diego may also help investigations of whether 

click packets are produced during echolocation in deep open water. These animals are trained to board 806 

and be transported in small boats and could therefore be taken offshore to the San Diego Trough, 

which is a deep water (>1 km) area located about 30 km off the Southern Californian coastline. A 808 

study could then be designed where the animals were tasked with approaching a target from ranges 

of a few hundred meters, and where target depths could then be varied from near the surface to deep 810 

in the water column to test the hypothesis of click packets as a method for reducing clutter problems. 

Previous studies have shown that stationary bottlenose dolphins only use click packets when target 812 

ranges exceed 75-120 m (Finneran, 2013), which I have been able to confirm for the first time on a 

free-swimming animal that produced 95% of the click packets beyond 100 m (Chapter 4). This range 814 

is close the potential detection range of the target that we used so in that study we could not resolve 

whether packet production was gated by a threshold in echo level or in echo delay, but previous 816 

studies have found the latter to be of highest importance (Finneran, 2013; Finneran et al., 2014). 

Based on these results, I hypothesize that click packets are mainly produced to allow processing of 818 

echo streams that may not be possible when clicking at ICIs exceeding the TWTT at long ranges. 

Is echolocation difficult or can babies do it? 820 

With all the dynamic control that toothed whale biosonar systems display on top of the uncontrollable 

acoustic aspects that change as an animal moves through the environment, it does raise the question 822 

whether echolocation is a learned process not easily mastered or if toothed whale calves are simply 

born as fully capable biosonar operators. Only few studies have been conducted on the echolocation 824 

capabilities in captive newborns (Carder and Ridgway, 1983; Li et al., 2007; Delgado-García, 2016; 

Harder et al., 2016) or yearlings in the wild (Chapter 7). These studies have demonstrated that toothed 826 

whale calves can produce signals resembling echolocation clicks as early as few hours after birth 

although the frequency parameters may differ from clicks produced by adults (Delgado-García, 828 

2016). Harbour porpoise calves may have fully functional echolocation capabilities as early as 4 days 

post-natal, whereas it is still unclear if bottlenose dolphins require up to two months (Carder and 830 

Ridgway, 1983; Harder et al., 2016). The hearing system in toothed whale calves appears fully 

developed around the time of birth and is not operating at increased thresholds compared to adults 832 

(Nachtigall et al., 2005; Wahlberg et al., 2017). Wahlberg et al. (2017) suggested for harbour 

porpoises that functional hearing over the bandwidth relevant for echolocation clicks might relate to 834 

the fact that porpoises also communicate with highly similar clicks. The question if acoustic 
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communication or echolocation develops first in toothed whales was addressed in a study that we 836 

conducted in sperm whale calves in the wild (Chapter 7). There we found that very few 

communication codas are produced by sperm whale calves although adult codas might still be 838 

important cues for the calves. The three calves in our study produced varying amounts of echolocation 

clicks, but only the oldest emitted a few echolocation buzzes, which could indicate active foraging in 840 

addition to relying exclusively on suckling (Chapter 7). The combined findings from captivity and 

the field therefore suggest that toothed whale calves can indeed echolocate from a very early age. The 842 

early development of hearing and echolocation abilities in toothed whales may have been an 

evolutionary adaptation enabling toothed whale calves to navigate on their own and follow adults 844 

constantly on the move and foraging, unlike in baleen whales where females set aside months for 

fasting and lactating on nursing grounds.  846 

Conclusion 

The current state of knowledge in the field of toothed whale echolocation demonstrate that as animals 848 

close in on a target they readily adjust their click rate, output level, and FOV, and can swiftly modify 

these biosonar parameters when tracking moving targets such as agile prey. I suspect that the 850 

relationship often observed between ICI and SL comes about when toothed whales produce clicks 

within a general working/comfort pressurization of the nasal passages, but that short ICIs and high 852 

SLs are possible in combination by increasing pressurisation. The output gain control used by several 

species may largely work to bring the perceived echo levels within a dynamic range of high sensitivity 854 

of the hearing system, as returning echo levels may otherwise vary by many tens of dB. An increase 

in SL often lead to more high frequency clicks, but although this increase lead to a higher DI, the 856 

effect is a few dB at most, and hence a limited passive change in FOV from SL adjustments. The 

FOV may however be further regulated irrespective of frequency by changing the effective emitting 858 

aperture via conformational changes of the melon. Toothed whales therefore control biosonar systems 

where interplay exists between the various sonar parameters, but where adjustments are also under 860 

acute control by the animals.  

There is still much to learn about how animals sense the world through echolocation, especially for 862 

situations that challenge successful biosonar operation. Problems that arise from distracting acoustic 

features, such as clutter and reverberation, have only briefly been touched upon during the many 864 

decades of echolocation research, but may be extremely fruitful to study in more detail to understand 

how animals detect and discriminate echoes of interest. In my PhD, I have attempted to shed light on 866 
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how biosonar operation might be adapted to clutter and reverberant environments, and how biosonar 

adjustments are employed both during short and long-range echolocation. Jamming avoidance or 868 

resistance is a completely untouched subject in toothed whales, although these animals often forage 

socially and may travel in groups of tens, hundreds, or even thousands. It is mind-blowing how a few 870 

faint echoes of relevance may be discerned from cascades of interfering signals, and I suspect that 

jamming problems may have played an important evolutionary role in toothed whales. This is a 872 

subject that I look very much forward to working on after finishing my PhD. Lastly, the important 

buzz phase during close-up target inspection and tracking should also receive much more attention in 874 

the near future of echolocation research. For many years, the buzzing in toothed whales was almost 

completely ignored in published works, although this critical echolocation phase makes all the 876 

difference between capturing prey or not. 

Current efforts are being made to understand how animals manage to track moving targets in a study 878 

led by Heather Vance, University of St Andrews, where I must admit to have played only a minor 

part. In this study, the reaction time of porpoises to sudden target movements was quantified to find 880 

that within only a couple hundred milliseconds, the porpoises adjusted their click rate to dynamically 

keep the ICI above the TWTT to the target. An idea for a future project may be to study the 882 

discrimination abilities using two targets, where one is instrumented with a noise-emitting transducer. 

By varying the distance between these targets, and maybe also by controlling the closest access point 884 

to these targets, the head movements may indicate the functional directionality of their hearing system 

while also testing whether SL would be increased only when echolocating towards the noisy target 886 

and not the other. Other challenges combining complex navigational tasks with target approach or 

prey tracking might also be thrown at the animals to echo back a glimpse at how it is to experience 888 

the world through echolocation.   
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Amazon river dolphins (Inia geoffrensis) use a high-frequency
short-range biosonar
Michael Ladegaard1,*, Frants Havmand Jensen2,3, Mafalda de Freitas1, Vera Maria Ferreira da Silva4 and
Peter Teglberg Madsen1,5

ABSTRACT
Toothed whales produce echolocation clicks with source parameters
related to body size; however, it may be equally important to consider
the influence of habitat, as suggested by studies on echolocating
bats. A few toothed whale species have fully adapted to river systems,
where sonar operation is likely to result in higher clutter and
reverberation levels than those experienced by most toothed
whales at sea because of the shallow water and dense vegetation.
To test the hypothesis that habitat shapes the evolution of toothed
whale biosonar parameters by promoting simpler auditory scenes
to interpret in acoustically complex habitats, echolocation clicks
of wild Amazon river dolphins were recorded using a vertical
seven-hydrophone array. We identified 404 on-axis biosonar clicks
having a mean SLpp of 190.3±6.1 dB re. 1 µPa, mean SLEFD of
132.1±6.0 dB re. 1 µPa2s, mean Fc of 101.2±10.5 kHz, mean BWRMS

of 29.3±4.3 kHz and mean ICI of 35.1±17.9 ms. Piston fit modelling
resulted in an estimated half-power beamwidth of 10.2 deg (95% CI:
9.6–10.5 deg) and directivity index of 25.2 dB (95% CI: 24.9–
25.7 dB). These results support the hypothesis that river-dwelling
toothed whales operate their biosonars at lower amplitude and higher
sampling rates than similar-sized marine species without sacrificing
high directivity, in order to provide high update rates in acoustically
complex habitats and simplify auditory scenes through reduced
clutter and reverberation levels. We conclude that habitat, along with
body size, is an important evolutionary driver of source parameters in
toothed whale biosonars.

KEY WORDS: Beamwidth, Clutter, Directionality, Echolocation,
Habitat, Toothed whale

INTRODUCTION
Echolocation is an active sense that involves generation and
transmission of high-intensity sound pulses into the environment,
and subsequent auditory detection and processing of returning
echoes to inform changes in motor patterns for navigation and
foraging (Griffin, 1958). The ability to detect echoes is ultimately
limited by the hearing threshold, but for most healthy animals, the
threshold for echo detection is set by either the ambient background
noise or the level of reverberation or clutter (Au and Turl, 1983; Turl

et al., 1991). In a noise-limited scenario, the detection range can be
increased by increasing the biosonar source level (SL). However,
this is not true for a reverberation- or clutter-limited scenario.
Reverberation and clutter consist of unwanted echoes reflected off
objects in the medium and from the boundaries, thus the level of
reverberation and clutter will be proportional to the outgoing SL
(Au, 1992). To increase detection range, an animal might then
increase the transmitting directivity to reduce the number of
ensonified objects in the same delay window as the target of interest
(Moss and Surlykke, 2001; Aytekin et al., 2010). Thus, the optimal
SL and directivity of animal biosonars are likely to be influenced by
the habitat and the behavioural context in which the biosonars are
operated. This has been demonstrated for bats (Neuweiler, 1989;
Schnitzler and Kalko, 2001; Surlykke et al., 2009), yet little is
known about how different habitats might drive evolution and
operation of biosonars in toothed whales.

Previous studies have shown that large oceanic toothed whales
emit low-frequency clicks at high SLs and with long interclick
intervals (ICIs), allowing for long-range target detection (Møhl
et al., 2003; Zimmer et al., 2005). Smaller coastal species, by
contrast, emit high-frequency clicks at lower SL and short ICIs,
resulting in short-range biosonars that allow high update rates on the
acoustic environment (Madsen and Surlykke, 2013). The low-
frequency echolocation clicks of large toothed whales in
comparison to those produced by smaller species also suggest an
inverse scaling of frequency with body size. As biosonar directivity
is determined by signal frequency relative to size of the emitting
aperture, such inverse scaling has led to fairly similar biosonar
directivity amongst toothed whales (Koblitz et al., 2012), pointing
to directivity as a potential evolutionary pressure determining
biosonar frequency. Thus, to separate the effects of scaling from
potential effects of habitat on click source parameters it is necessary
to constrain analysis to species within a restricted size range.

To this effect, the paraphyletic group of extant river dolphins
represent an ideal group of study subjects. The intriguing convergent
evolution, where distantly related toothedwhales have independently
adapted to life in riverine environments (Hamilton et al., 2001) and
acquired the same overall morphology, which is different to that of
similar-sized marine toothed whales, raises the question of whether
the various marine to freshwater transitions have also led to biosonar
systems better suited for dealing with clutter. Theoretically, the best
way a river dolphin can deal with clutter is by a downregulation of SL
in conjunction with an ability to increase directivity, thus reducing
detection range and decreasing beamwidth. However, an intricate
relationship exists among SL, directivity and frequency (Moore
and Pawloski, 1990; Au et al., 1995; Madsen et al., 2013a), so
adjustments of one parameter are likely to affect the others.
Depending on which parameters, or combinations thereof, are
selected for over time, more than one evolutionary outcome may be
possible for a clutter-adapted biosonar.Received 3 February 2015; Accepted 4 August 2015
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The Amazon river dolphins, commonly known as botos
(Inia sp.), are regularly found in shallow river channels, and
seasonally, even in flooded forests (Best and da Silva, 1989; Martin
and da Silva, 2004), suggesting that they, at least at times, operate
their biosonars in highly clutter-limited conditions. Botos are
therefore intriguing animals to study through quantification of click
source parameters, since they may help shed light on the
evolutionary driving forces behind biosonar parameters in
different toothed whale species. To date, botos have been subject
to multiple studies, including a few in the wild, but discrepancies
exist in reported signal frequencies of boto echolocation clicks
(Norris et al., 1972; Nakasai and Takemura, 1975; Kamminga
et al., 1993) and source parameters such as SL and directivity index
(DI) are lacking from the published literature on free-ranging
animals.
Given their habitat, we hypothesise that botos use a short-range

biosonar with high directivity. Specifically, we further hypothesise
that botos will produce clicks at lower SL and operate their
biosonars at shorter ICIs compared with similar-sized marine
species. This would simplify the auditory scene through a decreased
sensory volume, and provide high update rates, which we
hypothesise are important when navigating a complex habitat.
However, clicking at low SL has been shown to decrease the peak
(Fp) and centroid frequency (Fc) of emitted clicks, thus lowering the
DI (Houser et al., 2005; Madsen et al., 2013a). A low DI will
provide more clutter, thus complicating echo processing. We
therefore additionally hypothesise that botos will produce clicks
with high Fc relative to SL in order to keep their biosonar beams
directional.
Here, we test these hypotheses by using a vertical seven-

hydrophone array to quantify source parameters of echolocation
clicks of wild botos (Inia geoffrensis Blainville 1817) in three
different areas in the Amazon, Brazil. We show that botos operate a
short-range biosonar system with source parameters that cannot be
predicted simply from size-related scaling. Specifically, we show
that in comparison with similar-sized marine toothed whales, the
boto clicks at high rates, producing low SL clicks with high-
frequency content, whereas beam directivity compares with that of
other toothed whales, regardless of size.

RESULTS
Recordings
Botos were recorded in three main areas containing black water,
white water or a mixture. Botos were found as single animals,

mother calf pairs and in small groups of usually less than five
animals. In general, animals were in a state of feeding/milling
behaviour, where they moved around slowly in the same area.
Recordings from all three areas totalled 213 min of usable
recordings containing 34,827 echolocation clicks with received
levels above a threshold set for the initial screening process.
Within the confident localisation range of 40 m, a total of 404
echolocation clicks fulfilled the on-axis criteria. Of those clicks,
268 were within the 21 m requirement for inclusion in piston fit
modelling.

Source parameters
Boto clicks were broadband transients having a mean duration of
14.1±3.1 µs with a mean ICI of 35.1±17.9 (Table 1). An example
click is given in Fig. 1A,B with its waveform and power spectrum
shown. Power spectra for all 404 on-axis clicks are shown in
Fig. 1C with mean energy distribution overlaid. The clicks had a
mean Fp of 95.7±12.4 kHz. Energy was centred on a mean Fc of
101.2±10.5 kHz with root-mean-squared bandwidth (BWRMS) of
29.3±4.3 kHz resulting in a QRMS ratio of 3.5±0.5 (Table 1).
Linear regression analysis revealed a significant positive
relationship for the slope of Fp as a function of Fc (Fig. 2A;
R2=0.48, t-test, P<0.001) with Fp=0.82Fc+12.9 kHz and also
between Fc and BWRMS (Fig. 2B; R

2=0.25, t-test, P<0.001) with
Fc=1.2BWRMS+65.0 kHz. A significant positive relationship was
also found between Fc and SLpp (Fig. 2B; R2=0.11, t-test,
P<0.001) with Fc=0.56SLpp−4.5 kHz. The lowest SLpp values
were measured at distances less than 5 m from the recording array
(Fig. 3A). A significant positive relationship was found between
SLpp and log(range) (Fig. 2B; R2=0.47, t-test, P<0.001) where
SLpp=12.4 log(range)+176.7 dB re. 1 µPa (Fig. 3A). A few on-
axis clicks came close to the clip level of the recording array
represented by the upper dashed line in Fig. 3A, but no clicks were
found to have been clipped. On-axis clicks were mostly well
above the selected threshold of the initial screening process of
154 dB re. 1 µPa (peak) represented by the lower dashed line in
Fig. 3A. The relationship between ICI and range was also positive
(Fig. 3B; R2=0.15, t-test, P<0.001) with the corresponding linear
regression line ICI=0.65range+24.5 ms (Fig. 3B). To estimate
effects of pseudo-replication caused by multiple measurements on
the same animals, we adjusted the degrees of freedom and found
that all relationships were significant (P<0.05) if at least four
animals had been measured (under the assumption of an identical
number of clicks performed by each animal).

Table 1. Source parameters for all boto echolocation clicks recorded
on-axis

Mean±s.d. Range (min–max) Units

SLpp 190.3±6.1 167–209 dB re. 1 µPa
SLRMS* 180.7±6.2 156–198 dB re. 1 µPa
SLEFD* 132.1±6.0 108–150 dB re. 1 µPa2s
Duration* 14.1±3.1 9–29 µs
Fc 101.2±10.5 61–138 kHz
Fp 95.7±12.4 55–158 kHz
BW−3dB 50.4±17.1 32–118 kHz
BW−10dB 117.5±19.9 68–175 kHz
BWRMS 29.3±4.3 19–41 kHz
QRMS 3.5±0.5 2.1–5.4
ICI 35.1±17.9 8–126 ms
Range 16.2±10.8 1–40 m
N 404

*Calculated between the −10 dB end points relative to the peak of the
amplitude envelope.

List of symbols and abbreviations
BW bandwidth
DI directivity index
EFD energy flux density
EPR equivalent piston radius
Fc centroid frequency
Fp peak frequency
FFT fast Fourier transform
ICI interclick interval
pp peak to peak
QRMS Fc to BWRMS ratio
RMS root mean squared
SL source level
TOL third octave level
TOAD time-of-arrival difference
TWTT two-way travel time
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When comparing on-axis clicks between recording areas, several
of the parameters listed in Table 1 turned out to differ significantly
(two-sample t-test, P<0.05). The mean SLpp, SLRMS, SLEFD, Fc, Fp

and QRMS differed between São Tomé (103 clicks) and Mamirauá
Sustainable Development Reserve (193 clicks) and when
comparing São Tomé with the confluence of Rio Negro and Rio
Solimões (108 clicks) where significant differences were also found
for mean ICI. Comparing clicks from the confluence and Mamirauá

Sustainable Development Reserve the differences in mean ICI
and localisation range were significant. The mean value differences
were <3 dB for SLpp, SLRMS and SLEFD, <5 kHz for Fc and Fp,
<0.15 for QRMS, <6 ms for ICI and <3 m for localisation range.
Albeit significant, potentially due to large sample sizes, the
differences are so small that hypotheses about local habitat
adaptations in biosonar parameters seem unsupported with the
available data sets.
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Fig. 1. Representative Amazon river
dolphin echolocation click recorded on-
axis with mean energy distribution for all
on-axis clicks. (A) Waveform showing
absolute pressure fluctuations after
correction for transmission loss to estimate
source level values at a reference distance
of 1 m. The signal has been interpolated ten
times. (B) Power spectrum of the same click
as in Awith energy normalised relative to the
peak frequency. (C) Power spectra of all 404
on-axis clicks (grey) along with their mean
energy distribution (black). The energy
content has been normalised for each click
relative to individual peak frequencies. The
FFT size used to calculate all power spectra
is 512.
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Fig. 2. Frequency and source level
analysis of Amazon river dolphin
echolocation clicks. (A) Peak frequency
(Fp) as a function of centroid frequency (Fc).
Data points have been colour coded with
respect to source level (SLpp) relative to
the scale bar on the right. Histograms on the
x- and y-axis show counts of data points of Fc

and Fp, respectively, with data points being
divided into 50 bins along the data range for
all 404 on-axis clicks localised to less than
40 m. The solid black line is the linear
regression line (Fp=0.82Fc+12.9; R

2=0.48).
(B) Fc as a function of SLpp. Data points have
been colour coded with respect to root-
mean-squared bandwidth (BWRMS). The
solid black line is the linear regression line
(Fc=0.56SLpp−4.5; R

2=0.11).
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Beam pattern
The vertical composite beam pattern yielding the best piston fit for
all on-axis clicks acoustically localised to less than 21 m resulted in
a symmetric half-power (−3 dB) beamwidth of 10.2 deg with 95%
bootstrap confidence interval (BCI) from 9.6–10.5 deg and
corresponding DI of 25.2 dB with 95% BCI from 24.9–25.7 dB
(Fig. 4, Table 2). The best piston fit was found for all clicks when
fitting with an equivalent piston radius (EPR) of 3.6 cm (Table 2).
Fig. 5B presents a click example where the signals recorded by each
of the seven hydrophones have been back-calculated to a reference
distance of 1 m. From this example, it is seen that amplitudes
decrease with increasing off-axis angles in concert with distortions
of the waveforms relative to the signal recorded closest to the
acoustic axis. Surprisingly, the signal recorded on the second lowest

hydrophone is smaller in amplitude and energy relative to the signal
recorded on the lowest hydrophone. This phenomenon was seen for
several clicks both above and below the 21 m localisation range
criterion for inclusion in the piston fit model. Since this was an
unexpected finding and violates one of the assumptions in the piston
fit procedure, the clicks localised to less than 21 mwere divided into
two groups for which the piston model was run separately (Table 2).
One group contained only clicks with single-lobed beam patterns
and a second group contained only clicks with double-lobed beam
patterns. To allow for some error of measurements, clicks were
characterised as having a double-lobed beam pattern if the recorded
amplitude increased from one hydrophone to the next by >3 dB
when moving away from the estimated acoustic axis. Separate
analysis (not shown) of source parameters for on-axis clicks
excluding those having double-lobed beam patterns revealed almost
no difference from the source parameters presented in Table 1.
Clicks with double-lobed beam patterns had broader mean half-
power beamwidth and lower DI than single-lobed clicks (Table 2).
For the group with the expected single-lobed beam patterns, the
piston fit modelling was also done after these data had been divided
into seven bins based on localisation range. A tendency for range
dependence was evident with clicks localised at very short ranges
(0–3 m), with significantly broader composite beamwidth (Fig. 5A)
and smaller DI compared with clicks recorded at longer range
(Table 2).

Ambient noise levels
The spectrogram of the noise recording from the river channel in
Mamirauá Sustainable Development Reserve (Fig. 6A) illustrates
the noise levels that botos may be exposed to on a daily basis in that
general area. Small motorised boats were occasionally observed in
the river channel, but the main noise contribution is likely to be
biological in origin, such as the noticeable noise band around 8 kHz.
The 8 kHz noise band is most pronounced during the 6 h following
sunset, whereas general noise levels seem clearly elevated in the 2 h
following sunset (Fig. 6A). Third octave levels (TOL) differed
between the two noise recording sites (Fig. 6B) with the São Tomé
recording showing almost constant TOLs at about 90 dB re. 1 µPa
regardless of frequency, whereas the Mamirauá recording showed
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represents SLpp required to reach the clip level of
the recording chain (184 dB re. 1 µPa) as a
function of range. The lower dashed line
represents the SLpp boundary for when recordings
were included in the analysis based on the
received level criteria of 154 dB re. µPa (peak).
The solid black line is the linear regression line
(SLpp=12.4log(range)+176.7;R

2=0.47) calculated
after log-transformation of range. (B) ICI as a
function of range. Each data point represents the
duration between an on-axis click and the previous
click in a scan. A linear regression line
(ICI=0.65range+24.5; R2=0.17) is plotted as a
solid black line. The two-way travel time (TWTT) is
plotted as a solid grey line. The ICIs shorter than
the TWTT at ranges >17 m indicate that the botos
were not locked on to the recording array, but
focused on something closer to them.
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an overall trend of decreasing TOLs towards higher frequencies.
Above a few hundred Hz, both noise recordings from this study had
lower TOLs compared with a coastal noise recording made in
tropical waters with snapping shrimp present (Fig. 6B).

DISCUSSION
Parameters of toothed whale echolocation clicks have been shown
to scale with animal size (Au, 1993; Madsen and Surlykke, 2013),
except for DI which seems relatively constant across toothed whale
species (Koblitz et al., 2012; Madsen and Surlykke, 2014). Scaling
should therefore be considered when making interspecies
comparisons of source parameters. Botos are comparable in size
to marine species such as pantropical spotted dolphins (Stenella
attenuata), spinner dolphins (S. longirostris), Indo-Pacific
bottlenose dolphins (Tursiops aduncus) and some ecotypes of
common bottlenose dolphins (T. truncatus) (Jefferson et al., 2008),
which all make broadband echolocation clicks like botos and for
which source parameters have been reported in the wild (Schotten
et al., 2004; Wahlberg et al., 2011). By hypothesising that scaling is

the major driver of source parameters, then botos are expected to
emit clicks similar to those of the four marine species. Alternatively,
it opens up a second hypothesis where habitat is an important co-
driver acting on biosonar source parameters (Jensen et al., 2013),
thus making it more likely that converging source parameters are
found for similar-sized species that live in acoustically similar
habitats, such as rivers. In this study, we present data in favour of the
second hypothesis and discuss how clutter and reverberation in
rivers are likely to be major factors responsible for the lower SL and
faster clicking rate at high Fc and DI of river dolphins compared
with marine species.

Fast biosonar sampling rates
Toothed whales generally do not produce a new click until relevant
echoes from the previous click are received to avoid range
ambiguity problems, so the two-way travel time (TWTT)
corresponding to the ICI is expected to represent an upper
estimate of range to targets of interest (Au et al., 1974; Au, 1993;
Akamatsu et al., 1998). The ICI can be divided into TWTT to

Table 2. Beam patterns determined by piston fit modelling

Localisation range (m) Mean EPR (95% CI; cm)
Mean symmetric half-power
beamwidth (95% CI; deg) Mean DI (95% CI; dB) N

All 0–21 3.6 (3.5–3.8) 10.2 (9.6–10.5) 25.2 (24.9–25.7) 268
Single 0–21 4.2 (3.9–4.4) 9.4 (9.0–10.0) 25.9 (25.3–26.3) 236
Double 0–21 3.5 (2.9–4.1) 10.5 (8.9–12.9) 24.9 (23.1–26.3) 32
Single 0–3 2.7 (1.8–3.5) 14.6 (11.2–22.3) 22.1 (18.4–24.4) 14
Single 3–6 4.2 (3.9–4.5) 9.4 (8.7–10.2) 25.9 (25.2–26.6) 58
Single 6–9 4.2 (3.9–4.5) 9.4 (8.8–10.0) 25.9 (25.3–26.4) 68
Single 9–12 4.4 (3.7–4.8) 9.0 (8.1–10.6) 26.3 (24.8–27.2) 33
Single 12–15 4.4 (3.8–5.2) 8.9 (7.6–10.5) 26.4 (25.0–27.7) 23
Single 15–18 4.5 (3.9–5.6) 8.8 (7.0–10.1) 26.5 (25.2–28.5) 25
Single 18–21 4.8 (4.2–5.5) 8.1 (7.0–9.3) 27.2 (26.0–28.4) 15

Modelling was donewith all on-axis clicks localised to less than 21 m (all) or with clicks being divided into two groups: clicks with single-lobed beams (single) and
clicks with double-lobed beam patterns (double). Clicks categorised as having single-beam patterns were additionally analysed in 3 m bins.
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just above.
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furthest target of interest plus a lag time, which may be species
dependent (Madsen et al., 2013b) and also task dependent (Au,
1993;Wisniewska et al., 2012). For animals recorded at close range,
a recording array may itself act as a relevant target, which can
be inferred by animals keeping ICIs longer than TWTT to the array
(Au and Herzing, 2003; Jensen et al., 2009). In this study, all on-
axis clicks but one have ICIs longer than the TWTT at localisation
ranges less than 17 m; below 10 m localisation range there also
seems to be a reduction of ICIs longer than 50 ms compared with the
remaining ICI distribution (Fig. 3B). This might indicate that botos
close to the recording array have in fact detected the array and
reduced their acoustic gaze to focus their attention on the array, or at
least on other objects nearby. At ranges longer than 17 m, there is no
evidence of range locking in the ICI, which can be explained either
by a lack of attention to the array or by the animals failing to detect it
at these longer ranges.
We hypothesised that botos click at high rates, based on the

assumptions that search ranges will be short in shallow water
environments, where a potential added effect of clutter and
reverberation might create an acoustically complex environment
where high update rates will benefit prey tracking and navigation.
We find the mean ICI of 35 ms for the boto to be identical to the
35 ms found for the Ganges river dolphin (Jensen et al., 2013).
In comparison, the typical mean ICIs of bottlenose dolphins in
the wild may be two to four times longer (Wahlberg et al., 2011).
Assuming a lag time of 20 ms (Morozov et al., 1972; Au, 1993),
the mean ICIs found for botos correspond to an upper search
distance averaging just 11 m (sound speed: 1500 m s−1), whereas
the mean ICI of 63–120 ms measured for two species of
bottlenose dolphin (Wahlberg et al., 2011) corresponds to upper
search distances from 32–75 m, conforming with other studies
investigating active biosonar ranges (Au et al., 2007; Simard
et al., 2010). We therefore conclude that botos operate a short-
range biosonar system, which may be reflected in their behaviour
by their relatively slow swim speeds of usually less than 1 m s−1

(Best and da Silva, 1989). Botos are likely to encounter more
objects per distance covered than toothed whales at sea, so a slow
swim speed together with a high update rate probably reduces the
risk of colliding with obstacles such as tree trunks and vegetation.

Low source levels in quiet, shallow waters
The boto’s mean SLEFD of 132 dB re. 1 µPa2s and mean SLpp of
190 dB re. 1 µPa are slightly higher than values reported for the
Ganges river dolphin, which has a mean SLEFD of 127 dB re.
1 µPa2s and mean SLpp of 183 dB re. 1 µPa (Jensen et al., 2013).
The SL values for both river dolphin species are, however, low in
comparison to the mean SLEFD of 132–150 dB re. 1 µPa2s and mean
SLpp of 199–212 dB re. 1 µPa reported for similar-sized marine
toothed whales (Schotten et al., 2004; Wahlberg et al., 2011),
thus supporting the hypothesis that the boto produces clicks at
relatively low SL. Interestingly, the Irrawaddy dolphin (Orcaella
brevirostris), which is also found in freshwater, echolocates with
SL and ICI values very similar to the boto (Jensen et al., 2013),
suggesting a general evolutionary selection for short-range
biosonars in riverine toothed whales.

For toothed whales found in open waters, an increased SL will
result in an increased detection distance as this increases the ratio of
echo levels over ambient noise (Au and Turl, 1983; Au, 1993).
However, in shallow waters, an increase in SL, although increasing
target echo levels, also increases clutter and reverberation levels (Au
and Turl, 1983), making operation of long-range sonar in shallow
and complex habitats impractical (Jensen et al., 2013). The
preliminary noise recordings made in this study indicate that
ambient noise levels are low in comparison to what can be
encountered at sea in shallow tropical marine waters (Fig. 6). This
supports the notion that boto echolocation is indeed clutter limited,
where high SLs do not facilitate detectability. Rather, it may be
speculated that selection for low SLs has reduced the problem of
range ambiguity in a complex auditory scene of many targets in
shallow water.
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Fig. 6. Ambient noise profiles.
(A) Spectrogram showing the power spectral
density as a function of time of day for the
ambient noise recording from Mamirauá
Sustainable Development Reserve. Intensity
has been colour coded relative to the scale bar
on the right. Sunset and sunrise occurred at
18:09 h and 05.57 h, respectively. (B) Mean
energy distribution shown as third octave
levels (TOLs) for the noise recording from
Mamirauá Sustainable Development Reserve
(solid line) and the recording at Sa ̃o Tomé
(dashed line). Included for comparison is a
149 h and 47 min noise recording from
Exmouth Gulf, Australia (22°18′37″S, 114°14′
26.00″E) (grey dotted line) recorded with a
sample rate of 288 kHz at 8 m depth (1.5 m
above the bottom) with similar equipment as
the Amazon recordings and analysed in an
identical manner.
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High frequencies despite low output levels
Changing the SL is not without consequences and may lead to
alterations of the frequency content of emitted clicks as decreases
in SL correlates with decreases in Fc (Moore and Pawloski, 1990;
Au et al., 1995; Madsen et al., 2013a). The frequency content is
important because directivity of a sonar beam follows the
relationship between wavelength and effective aperture of the
sound emitter, so for a constant melon size the DI will decrease with
decreasing frequency (Au, 1993; Zimmer et al., 2005; Madsen and
Wahlberg, 2007). For example, if a marine toothed whale switches
from production of high SL clicks to clicks with SLs closer to that of
a boto, the result may be a decrease in Fc by about an octave and
hence a drop in DI by roughly 6 dB (Au et al., 1995). As initially
hypothesised, the boto may therefore have an Fc higher than their
SLs would predict in order to operate their biosonars at low SL
without sacrificing directivity. If so, botos will maintain a narrow
biosonar beam that will work to reduce effects of clutter and
reverberation. A low SL and high Fc in combination will therefore
provide botos with simpler auditory scenes to process and interpret.
In this study, we report a mean Fc and mean Fp of 101 and 95 kHz,

respectively, which are well above most previously reported
frequencies for boto echolocation clicks (Diercks et al., 1971;
Nakasai and Takemura, 1975; Kamminga, 1979; Pilleri et al., 1979;
Kamminga et al., 1993), but conform with the study by Penner and
Murchison on a single boto in captivity (Penner and Murchison,
1970). Many of the previous studies may have suffered from
equipment limitations, but evenwith adequate recording bandwidth, a
lack of strict on-axis criteria may explain a large part of the remaining
variation given how high frequencies are radiated in narrower beams
than lower ones for the same aperture size (Au, 1993).
When comparing the mean Fc around 100 kHz with three

published boto audiograms, it is surprising to find a best hearing
sensitivity between 70 and 90 kHz, with a steep sensitivity cut-off
above 100 kHz (Jacobs and Hall, 1972; Popov and Supin, 1990;
Supin and Popov, 1993). This implies that botos only hear half of
the sound energy in the returning echoes, which is at odds with the
general match between best hearing frequency and the Fc in clicks of
echolocating toothed whales (Au, 1993). This discrepancy may be
real for botos, but in our opinion it is more likely that the low high-
frequency cut-offs in the measured audiograms are related to the age
of the measured animals or methodology. Data for Risso’s dolphins
show a poor overlap between click spectra and audiograms for old
animals and a very good overlap for younger animals (Madsen et al.,
2004; Nachtigall et al., 2005).
The frequency distribution reported here for the boto is slightly

higher than for the similar-sized marine toothed whales chosen for
comparison in this study (Schotten et al., 2004; Wahlberg et al.,
2011). This corroborates our hypothesis that the boto operates its
biosonar at relatively low SL, but at high Fc to maintain directivity.
If habitat truly influences source parameters, then the prediction
would be to find energy at similarly high frequencies for other
freshwater-dwelling toothed whales as well. This seems to be the
case for the Irrawaddy dolphin recorded in freshwater, where Fc and
Fp have been found to be 95 and 101 kHz, respectively (Jensen
et al., 2013). For baiji clicks, only Fp measures are published
(Akamatsu et al., 1998), but Fp is by itself a far less-robust measure
of the energy distribution in a click, compared with Fc, given how
power spectra often show a bimodal energy distribution at least for
some toothed whale species (Au et al., 1995; Au, 2004). We can
therefore only speculate on whether or not the baiji produced clicks
with similar frequency content as the boto. For the Ganges river
dolphin (Fig. 7), however, the available data seem to contradict the

hypothesis of high frequencies being advantageous for biosonars
operated in riverine habitats, as the Ganges river dolphin has a mean
Fc of just 61 kHz (Jensen et al., 2013). Such frequency content is
very low compared with the boto and similar-sized marine toothed
whales, which have reported mean Fc values between 75 and
91 kHz (Schotten et al., 2004; Wahlberg et al., 2011). Interestingly,
some evidence suggests that the unique maxillary bony crests of the
Ganges river dolphin act to focus outgoing biosonar signals so that it
may emit clicks with a DI of 22 dB, despite its small size and
relatively low-frequency clicks (Jensen et al., 2013). While this is
higher than what their biosonar frequency would suggest (Jensen
et al., 2013), it is still lower than the DIs measured for most marine
toothed whales (Koblitz et al., 2012).

Several evolutionary solutions to a shallow-water-adapted
biosonar may exist; this is corroborated by results shown in
Fig. 7, which displays an overview of echolocation signals for the
extant river dolphins that have independently adapted to life in
shallow waters during different ages of the Miocene epoch
(Hamilton et al., 2001). The Ganges river dolphin, the baiji and
the boto all produce very short broadband clicks, but the Ganges
river dolphin clearly do so at lower frequencies than the others.
Nevertheless, a recent study confirms that the Ganges river dolphin
employs a short-range biosonar (Jensen et al., 2013), as we expect
for all riverine toothed whales. In terms of habitat, the franciscana
may be seen as an outlier amongst river dolphins as it inhabits
estuarine and coastal waters. This might explain why it has evolved
a narrow-band high-frequency signal, which is thought to be an
adaptation against killer whale predation (Melcón et al., 2012; Kyhn
et al., 2013).

Dynamic beam patterns
The composite vertical beam patterns presented in this study have
half-power beamwidths of approximately 10 deg and DIs in the
order of 25–27 dB (Fig. 4 and Fig. 5A, Table 2), which falls right in
the middle of previous measures for toothed whales (Koblitz et al.,
2012), suggesting that high Fc at low SL serves to maintain high
directivity despite low biosonar output levels in botos. In a study by
Pilleri and co-workers, a single hydrophone recorded echolocation
clicks from various angles to produce a composite beam pattern with
an estimated half-power beamwidth of 29 deg at their reported peak
frequency of 80 kHz and 28 deg at 100 kHz (Pilleri et al., 1979).
Such half-power beamwidths are two to three times broader than
found here (Table 2) and might be explained by a lack of directional
control due to recording with a single hydrophone, in addition to the
unnatural setting where the animal echolocates in a small concrete
pool in which it may use even lower SL and hence Fc.

When DIs and equivalent piston radii are estimated from array
data, a flat piston model is often fitted to how click levels taper off
with increasing off-axis angle, but for some of the data recorded
here, that criterion is not supported because of multiple amplitude
peaks (Fig. 5B). All planar transducers have side lobes that may be
in the order of −20 dB relative to the on-axis signal for toothed
whale clicks (Au, 1993); however, for some clicks in this study, the
additional lobe amplitudes were within −1 dB relative to the main
lobe. Further studies using more sophisticated arrays are needed to
confirm whether the unexpected finding of double-lobed beam
patterns is truly biological in origin or is merely an artefact of the
physical environment. A beam pattern having more than one main
lobe has previously been reported for the Ganges river dolphin
(Pilleri, 1979), but was not found in a more recent study on this
species (Jensen et al., 2013), leaving the existence of double-lobed
beam patterns controversial.
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For the clicks with single-lobed beam patterns, it seems that
greater localisation range corresponds with slightly narrower
beamwidth, higher DI and larger EPR (Table 2). This fits well
with the notion that higher SLs generally are measured at longer
ranges (Fig. 3A) (Jensen et al., 2009) since higher SLs are to be
predicted when the sound beam is more focused. Nevertheless, the
tight relations between DI, SL and frequency makes it challenging
to pinpoint the primary mode by which toothed whales make beam
pattern adjustments. As shown in Fig. 4, botos are able to emit
highly varying beam patterns, which is likely to be under acute
control by these animals. Since the correlation between SLpp and Fc

was rather low in this study, with an R2 of just 0.11, then potential
beam focusing might be achieved primarily through a fourth factor,
namely conformation changes of the melon (Wisniewska et al.,
2015). Melon dynamics might also relate to the sudden widening of
the half-power beamwidth by about 50% when localisation range
becomes less than 3 m. Such beam changes are comparable to the
adjustments seen for porpoises initiating the buzz phase
(Wisniewska et al., 2015) or Atlantic spotted dolphins focusing
on a recording array (Jensen et al., 2015). It may be that botos
dynamically change the beamwidths during close-up inspection of
the array; however, at such short ranges, there is a high risk that
animals are being recorded off-axis, which results in underestimated
DIs, thus calling for caution when interpreting beam patterns.
Assuming that the results are indeed a result of a variable beam, then
it may be advantageous for botos to employ beam adjustments when
navigating densely vegetated habitats, when moving between dense
and open areas, and when tracking prey in a complex auditory scene.
Studying the active control and dynamics of the conspicuous melon
that botos possess in parallel with the source parameters of their
echolocation clicks might be very fruitful for the understanding of
toothed whale echolocation.

Conclusion
Here, we have shown that Amazon river dolphins in the wild use a
short-range biosonar in shallow water environments characterised
by high levels of clutter and reverberation. Their biosonar system is
characterised by a high frequency relative to the source level,
resulting in a sonar beam of comparable directivity to those

achieved by marine delphinids despite operating at high repetition
rates and low output levels. We argue that low-amplitude, highly
directional biosonar systems are advantageous for toothed whales in
riverine habitats since these parameters serve to simplify the
auditory scene and facilitate target detection and discrimination in
complex, cluttered environments. These findings suggest that
habitat, in addition to size, may play an important role in the
evolution of toothed whale echolocation.

MATERIALS AND METHODS
Study area and animals
Recordings were carried out in the vicinity of São Tomé, Amazon, Brazil
(3°6′0″S, 60°29′40″W) on 15–18 October 2013, at the confluence between
Rio Negro and Rio Solimões (3°8′0″S, 59°54′0″W) on the 20th of October
2013 and in the Mamirauá Sustainable Development Reserve, Amazon,
Brazil (3°7′45″S, 64°47′20″W) on 22–27 October 2013. São Tomé is
located on the Rio Negro, which carries black water rich in humic acids,
whereas Rio Solimões, which also drains the Mamirauá Sustainable
Development Reserve carries white water rich in sediment. Botos (Inia
geoffrensis Blainville 1817) were recorded from small aluminium-hulled
boats using a linear recording array deployed vertically after the boat
had been driven slowly (1–2 knots) in the vicinity of animals some 10–
100 m ahead of them. Sound speedwas estimated to be 1512 m s−1 using the
Medwin equation (Medwin, 1975) on ameanmeasured water temperature of
31°C, an animal depth of 5 m and 62 ppm of salinity (Gibbs, 1972).

Recording array
The linear recording array consisted of seven Neptune Sonar D/140
spherical hydrophones (Neptune Sonar Ltd., Kelk, UK) with a nominal
sensitivity of −210 dB re. 1 V µPa−1. All hydrophones were attached 60 cm
apart through breakouts on the same 14 m, 16 wire cable of 8 mm diameter
(Cortland Cable Company, Cortland, NY). Plexiglas cylinders (90×32 mm)
filled with polyurethane encased each breakout with the hydrophone
elements suspended 50 mm below the cylinders parallel to the cable. The
array was attached to a buoy with the first hydrophone placed at 1 m depth
below the surface. A 3 kg weight was attached at the end of the array 40 cm
below the lowest hydrophone to ensure the array was kept as linear as
possible. The hydrophone cable was connected to a custom-built 20 dB
amplifier and filter box with high- (1 kHz, 1 pole) and low-pass (200 kHz, 4
pole) filters. From there, signals were relayed to an eight-channel analogue
to digital converter (USB-6356, National Instruments, TX, USA), which
sampled at 500 kHz at 16-bit resolution set by a custom-written recording
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Fig. 7. Overviewof river dolphin echolocation
signals. Pictures, waveforms and power spectra
of representative echolocation clicks from the
Ganges river dolphin (Platanista gangetica), baiji
(Lipotes vexillifer), boto (Inia geoffrensis) and
franciscana (Pontoporia blainvillei). Power
spectra are calculated for the example
waveforms with FFT sizes of 1024 and sample
rates of 500 kHz for the Ganges river dolphin,
boto and franciscana and 5512.5 kHz for the
baiji (signal was digitised from analogue
recording). Note that the baiji click is from a data
set, where this click had one of the lowest peak
frequencies, suggesting a potential under-
representation of high-frequency energy in the
power spectrum shown compared with the mean
for this species. Ganges river dolphin data:
Jensen et al., 2013; baiji data: Akamatsu et al.,
1998; boto data: present study; franciscana
data: Melcón et al., 2012. Photo credits: Ganges
river dolphin: E. and R. Mansur, WCS; baiji:
Institute of Hydrobiology, Chinese Academy of
Sciences; boto: Jorge Andrade; franciscana:
Miguel Iniguez, WDC.
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program (LabView, Metrotech, Denmark). Recordings were saved onto
the hard drive of a laptop in WAVE file format with continuous recordings
being divided into files of 30 s duration. Hydrophones were calibrated
against a TC-4034 hydrophone (Teledyne RESON A/S, Slangerup,
Denmark) and recordings were corrected for the hydrophone resonance
frequency at 160 kHz to provide a flat frequency response (±2 dB) in the
range of 2–180 kHz. The entire recording chain had a clipping level of
184 dB re. 1 µPa.

On-axis click criteria
An initial screening was carried out in Adobe Audition 3 (Adobe Systems,
CA, USA) to identify files containing echolocation clicks. Files were
selected for further analysis if they contained clicks with received levels of
>154 dB re. 1 µPa (peak), i.e. 30 dB below clip level. This threshold was
selected to standardise the screening process after initial exploratory analysis
of random echolocation clicks. Recordings were analysed using custom-
written scripts in Matlab 7.5 (MathWorks, Natick, MA, USA). To be
accepted as an on-axis click, a click had to fulfil a set of criteria following
Kyhn et al. (2010): (1) it had to be part of a click series of at least five
consecutive clicks with received levels exceeding the 154 dB re. 1 µPa
(peak) threshold and where received levels increased and then decreased
within the click series. An unknown number of weaker on-axis clicks are
therefore likely to have been ignored providing a lower bound on SLpp in an
x dB re. 1 µPa+20log(range) manner. If two or more click series overlapped
in time then no on-axis clicks were selected. Click series overlap was readily
identified in a given time window by inspecting ICI and received level
differences between detected clicks. (2) Within a click series, the click with
the highest received level was chosen, since this click was assumed most
likely to have been on-axis within the horizontal plane. (3) The highest
received level had to have been recorded on one of the five middle
hydrophones, so that angle of incidence in the vertical plane could be
estimated. (4) Click localisation must be robust i.e. with intersecting
hyperbolas (see next section) and within confident localisation range
determined by calibration measurements.

Acoustic localisation
The time-of-arrival differences (TOADs) from when a click was received on
each of the seven hydrophones were estimated via cross-correlation of the
seven signals recorded for each click. For each hydrophone pair it was then
possible to calculate a hyperbola that described the possible location of an
animal given the TOAD. For a seven-hydrophone array, a total of six
independent hyperbolas could be calculated, and from their crossing points
the animal’s location was estimated within two dimensions by applying a
least-squares method following Wahlberg et al. (2001) and Madsen and
Wahlberg (2007). Ranging calibration of the array was done in Aarhus
Harbour, Denmark, from distances of 10 to 60 m with an HS70 hydrophone
(Sonar Research and Development Ltd, Beverly, UK) acting as a transducer
playing out two cycle pulses at 80 kHz as specified by a connected
waveform generator (model 33220A, Agilent Technologies, CA, USA). The
localisation calibration of the hydrophone array yielded a resulting error of
less than 2 dB for the transmission loss estimate out to a range of 40 m,
which is in line with accepted localisation errors in previous studies (Kyhn
et al., 2009; Jensen et al., 2013).

Source parameter estimation
Since recordings were done in shallow water, a 32-point Hann window
centred on the peak of the signal envelope was applied to all signals to
reduce the risk of reflections contributing substantially during parameter
estimations. Signals were interpolated (Matlab interp function) by a factor of
10 in order to better estimate signal window length calculated as D duration
defined by the −10 dB end points relative to the peak of the amplitude
envelopes (Madsen, 2005; Madsen and Wahlberg, 2007). Received levels
were calculated as peak-to-peak (pp) sound pressures, RMS pressures
within the D duration and as energy flux density (EFD) calculated for each
click as the sum of the squared sound pressure values within the D duration
(Madsen, 2005; Madsen and Wahlberg, 2007). Corresponding SLs (on-axis
levels at 1 m reference distance) were then calculated by adding estimated

transmission loss to received level values. Transmission loss (dB re. 1 m)
was estimated as the sum of spherical spreading (Urick, 1983) and
frequency-dependent absorption loss where the absorption estimate of
0.0228 dB m−1 was based on an assumed Fc of 90 kHz and a water
temperature of 31°C.
Spectral parameters were estimated by first applying a 32-point Hann

window centred on the peak of the signal envelope to the raw signal. The
power spectrum was then estimated as the squared magnitude of a 320-point
fast Fourier transform (FFT) applied to the signal, resulting in a linearly
interpolated spectral resolution of 1.56 kHz. Fp was calculated as the
frequency of highest value in the power spectrum whereas Fc was calculated
as the frequency that divides a spectrum into two halves of equal energy on a
linear scale. Bandwidth was parameterised in three different ways. BW−3dB
and BW−10dB were given by the two points around Fp in the power spectrum
where the signal had dropped −3 or −10 dB, respectively. BWRMS was
given by the standard deviation of a linear spectrum around Fc. The QRMS

was calculated by dividing Fc by BWRMS, providing a measure of how
resonant a click was. ICI values were calculated as the time from on-axis
click to the previous click in a click series.

Beam pattern estimation
A composite beam pattern was estimated based on a model of a circular
piston mounted in an infinite baffle which has previously been applied to
describe radiation patterns of toothed whale echolocation clicks (Au, 1993;
Beedholm and Møhl, 2006). First, the acoustic axis of each click was
estimated based on the acoustic animal localisation and interpolation of
received levels across all seven hydrophones. From the animal location, an
off-axis angle could then be estimated to each individual hydrophone
relative to the acoustic axis. Since the difference between off-axis angles at
neighbouring hydrophones decreases with increasing distance, only on-axis
clicks acoustically localised to less than 21 m were included in this part of
the analysis. This stricter criterion was chosen because estimation of the
angle of incidence to individual hydrophones is highly sensitive to
localisation errors. For all on-axis clicks localised to less than 21 m, the
received level at each of the seven hydrophones was back-calculated to
estimate SL at 1 m and then normalised relative to the signal with highest
back-calculated amplitude. Off-axis angles, together with normalised
apparent SLs, were then used to estimate a composite vertical beam
pattern through a single parametric fit in which piston diameters from 1 to
20 cmwere tested in 0.01 cm increments (Kyhn et al., 2010). For each piston
diameter tested, a goodness of fit was calculated as the sum of squared error
between observed and predicted SLs. A best composite beam pattern was
selected on the basis of the piston size that minimised the sum of squared
error. Afterwards, a bootstrapping procedure was carried out to estimate
confidence intervals of the composite beam pattern (Jensen et al., 2015): for
each bootstrap,N clicks were drawn with replacement from the original pool
of N on-axis clicks. The beam pattern was fitted as described above,
resulting in a bootstrap estimate of the piston radius. A total of 2000
bootstrap estimates was created and the 95% bootstrap confidence intervals
calculated as the 2.5th and 97.5th percentile of the resulting bootstrap
distribution of estimated piston radius. The symmetric half-power
beamwidth was then calculated for the estimated composite beam pattern
and transmission DI was approximated as 20log(ka), where k is the
wavenumber defined as 2π/λ and a is the piston radius (Urick, 1983; Zimmer
et al., 2005).

Ambient noise recording
Ambient noise levels were recorded 4 km north-east of São Tomé (3°5′0″S,
60°28′0″W) on 16 October and in a minor tributary in Mamirauá
Sustainable Development Reserve (3°6′0″S, 64°47′55″W) on 26 October.
Botos were observed daily at both locations. A single SUDAR (Ocean
Instruments, New Zealand) was deployed from a buoy at São Tomé and a
few metres from a river bank at Mamirauá where the SUDAR recorded at a
depth of 2 m for 32 h and 43 min and 21 h and 27 min, respectively. The
SUDAR recorded with a sampling rate of 128 kHz and a clipping level of
169 dB re. 1 µPa. Third octave levels (TOLs) were calculated for the entire
duration of both recordings.
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Amazon river dolphins (Inia geoffrensis) modify biosonar output
level and directivity during prey interception in the wild
Michael Ladegaard1,*, Frants Havmand Jensen2, Kristian Beedholm1, Vera Maria Ferreira da Silva3 and
Peter Teglberg Madsen1,4

ABSTRACT
Toothed whales have evolved to live in extremely different habitats
and yet they all rely strongly on echolocation for finding and catching
prey. Such biosonar-based foraging involves distinct phases of
searching for, approaching and capturing prey, where echolocating
animals gradually adjust sonar output to actively shape the flow of
sensory information. Measuring those outputs in absolute levels
requires hydrophone arrays centred on the biosonar beam axis, but
this has never been done for wild toothed whales approaching and
capturing prey. Rather, field studies make the assumption that
toothed whales will adjust their biosonar in the samemanner to arrays
as they will when approaching prey. To test this assumption, we
recorded wild botos (Inia geoffrensis) as they approached and
captured dead fish tethered to a hydrophone in front of a star-shaped
seven-hydrophone array. We demonstrate that botos gradually
decrease interclick intervals and output levels during prey
approaches, using stronger adjustment magnitudes than
extrapolated from previous boto array data. Prey interceptions are
characterised by high click rates, but although botos buzz during prey
capture, they do so at lower click rates than marine toothed whales,
resulting in a much more gradual transition from approach phase to
buzzing. We also demonstrate for the first time that wild toothed
whales broaden biosonar beamwidth when closing in on prey, as is
also seen in captive toothedwhales and bats, thus resulting in a larger
ensonified volume around the prey, probably aiding prey tracking by
decreasing the risk of prey evading ensonification.

KEY WORDS: Beam pattern, Boto, Echolocation, Gain control,
Source level, Toothed whale

INTRODUCTION
Echolocation enables toothed whales to actively probe their
surroundings during navigation and prey localisation through the
production of high-amplitude, high-frequency clicks, and
subsequent auditory processing of much weaker returning echoes
milliseconds later (Au, 1993; Surlykke et al., 2014). In structurally
complex environments, many echoes from objects and
environmental features will be generated and may impede
detection and processing of the few relevant echoes from

potential prey (Urick, 1983; Au, 1993). Both bats and toothed
whales have evolved the ability to cope with such complex, self-
generated auditory scenes, allowing them to navigate and hunt
efficiently with echolocation as their primary sense (Moss and
Surlykke, 2001; Madsen and Surlykke, 2013). Adaptations to
echolocating in complex environments include fine-scale
adjustments of the biosonar system to modify the information
generated from acoustic sensing (Moss and Surlykke, 2010;Madsen
et al., 2013). We know from studies on trained animals that these
changes take place both on the receiving side (Supin et al., 2010;
Linnenschmidt et al., 2012b; Supin and Nachtigall, 2013) and on
the production side, where control is exerted over click rate
(Morozov et al., 1972), frequency content and output level (Moore
and Pawloski, 1990), beam direction (Moore et al., 2008) and
beamwidth (Jensen et al., 2015; Wisniewska et al., 2015).
Depending on the beamwidth and source level (SL) of the emitted
clicks, and the rate at which they are produced, echolocating toothed
whales can focus their acoustic gaze on particular objects in the
water column to ease the interpretation of their actively generated
auditory scene in a range of habitats with different noise and clutter
conditions (Wisniewska et al., 2015). We can therefore potentially
learn a lot about the function, operation and evolution of toothed
whale biosonar systems by quantifying their source parameters and
sampling rates for different species and habitats in the wild (Madsen
and Surlykke, 2013).
However, the biosonar dynamics that allow toothed whales to

perform auditory stream segregation in complex environments also
inherently present a problem for researchers who wish to study such
dynamics if the context of the measured biosonar parameters is
poorly known. For example, an increasing number of studies have
reported that many smaller toothed whales employ a form of gain
control in the sense that they reduce their output levels during the
approach phase to the target in a manner generally described as a
20log(R) relationship for decreasing target range, R (Au and Benoit-
Bird, 2003; Jensen et al., 2009). However, some studies report a
substantial deviation from that general trend (de Freitas et al., 2015)
while other data show no relationship between SL and range (Jensen
et al., 2013), thus apparently suggesting no gain control at all. Such
variation in gaze changes across species and studies as AQ2

¶
toothed

whales approach a potential target begs the fundamental question of
whether the studied animals did not adjust their biosonars during the
approach phase or whether the researchers failed to identify the
target that the animals were interested in and to which they therefore
adjusted their acoustic gaze.
The quantification of biosonar parameters of wild toothed whales

is normally done using two different approaches that each hold their
merits and limitations: animal-borne tags and hydrophone arrays.
Tags allow researchers to obtain information on individual
echolocation clicks over many hours under circumstances where
array recordings are often unattainable (Madsen et al., 2002;Received 22 March 2017; Accepted 8 May 2017
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Johnson et al., 2004) and, depending on tag placement and the
species tagged, returning echoes from actively pursued prey may be
recorded (Johnson et al., 2004; Arranz et al., 2011; Madsen et al.,
2013; Wisniewska et al., 2016). However, as echolocation clicks are
highly directional (Au, 1993; Koblitz et al., 2012), tag recordings
provide a highly distorted perspective on biosonar clicks from the
tagged animal (Au et al., 2012) and therefore only allow for relative
adjustments of source parameters (Madsen et al., 2005). Array
recordings, in contrast, are very well suited to absolute
quantification of source parameters as long as echolocation clicks
are recorded on-axis (Au et al., 1986, 1987), but are logistically
difficult to use for recording actual prey-capture situations given
their bulky nature.
The ability to confidently identify on-axis clicks and estimate

source parameters depends on array conformations as well as on
array dimensions (Madsen and Wahlberg, 2007). The maximum
range at which arrays are able to localise sound sources with an
accuracy suitable for basic sound parameter estimation, such as SL
and frequency content, is generally estimated to be around 10 times
the maximum array dimensions under ideal conditions (Jensen
et al., 2009; Kyhn et al., 2009). Linear arrays are faster to construct
and deploy in the field compared with 2D or 3D arrays, but planar
arrays facilitate detection of on-axis clicks (Schotten et al., 2004).
Tags and arrays are therefore not suitable for answering the same
questions as large discrepancies exist between the properties derived
from off-axis tag recordings and those from on-axis array recordings
(Wisniewska et al., 2012). Quantification of absolute source
parameters requires hydrophone array recordings in front of the
animals, and hence biosonar operation is described in snapshots
often with very little knowledge about the behavioural context and
potential targets of interest to the echolocating animals. It follows
that array recordings made in different but unknown behavioural
contexts of the same species in the wild may lead to very different
conclusions on the performance, use and evolution of biosonar
systems.
It may therefore be relevant to ask whether the various source

parameters derived when using hydrophone arrays in the wild are at
all representative of what toothed whales use when they approach
and intercept prey. If wild toothed whales are indeed echolocating
with their acoustic gaze fixed on recording arrays, as required for
testing changes in output parameters as a function of range to a
known target, would they then use their biosonars in the same way
if they were approaching their much smaller prey targets?

Alternatively, if, when recorded, they are engaged in pursuit of
fish that are not co-located with the recording array, source
parameters may be derived that are not representative of toothed
whales echolocating on prey, perhaps leading to the erroneous
conclusion that they do not employ acoustic gaze changes when
approaching and intercepting prey.
It has recently been demonstrated with array recordings that

Amazon river dolphins [boto, Inia geoffrensis (Blainville AQ3
¶

1817)]
employ a low-power, high sampling rate biosonar as a likely
adaptation to the often shallow and cluttered waters in which they
hunt (Ladegaard et al., 2015). Here, we tested whether these wild
toothed whales use different biosonar parameters and gaze changes
when echolocating on actual prey rather than hydrophone arrays. To
test this, an experiment was designed where wild botos approached
and intercepted prey immediately in front of a star-shaped
hydrophone array so that biosonar target range and acoustic
localisation range would be similar. We show that botos
dynamically adjust their biosonar beamwidth, click rate and
output level as they approach and intercept the prey. Furthermore,
we show that although botos, like other toothed whales, buzz during
prey capture, they do so at much slower rates than seen for similarly
sized marine species.

MATERIALS AND METHODS
Recording site
The recording site was a wooden platform (6×4 m) located near São
Tomé, Amazon, Brazil (3°5′S, 60°28′W), from where local guides
fed wild botos with dead fish during tourist visits. During recording
sessions, one to fewer than 10 botos could be observed from the
platform with usually 1–4 animals being within a few tens of metres
of the recording array at the same time. Sound speed at the site was
estimated to 1516 m s−1 using the Medwin equation (Medwin,
1975), based on a measured water temperature of 33°C, an assumed
animal depth of 2 m and a salinity of 62 ppm (Gibbs, 1972). Field AQ4

¶work was carried out with permission from xxx (SISBio-13462-5).

Recording array and trial protocol
The six-armed star array (Fig. S1) was constructed in solid PVC
with each arm (2 cm cylinder diameter) inserted with 60 deg
spacing into a centre disc (25 cm diameter). Seven TC4013
hydrophones (Teledyne RESON A/S, Slangerup, Denmark) were
fixed at the end of seven PVC cylinders (1.5×20 cm diameter) that
were attached to each arm and to the centre disc. The resulting planar
seven-hydrophone array (Fig. 1) had three hydrophones situated
37.5 cm from the central hydrophone and three others at 77.5 cm.
The TC4013 hydrophones had a calibrated receiving sensitivity of
−211 dB re. 1 V μPa−1. All TC4013 hydrophones were connected
through a custom-built 40 dB amplifier and filter box (1 kHz high
pass and 200 kHz low pass, 2 poles) to an eight-channel analog-to-
digital converter (USB-6356, National Instruments, Houston,
TX, USA) sampling at 500 kHz at 16 bit resolution distributed
over a ±5 V range set by a custom-written (LabView, National
Instruments) recording program. The entire recording chain had a
flat (±2 dB) frequency response from 1 to 150 kHz and a clipping
level of 185 dB re. 1 μPa.
During recordings, the star array was held via a wooden stick

attached to a hole in the centre disc and submerged to a depth of
approximately 1.4 m relative to the centre hydrophone. A TC4034
hydrophone (−218 dB re. 1 V μPa−1 receiving sensitivity, Teledyne
RESON A/S), to which a 10–15 cm-long fish was attached via an
organic string, was then lowered into thewater to the same depth and
approximately 1 m in front of the centre hydrophone. The TC4034

List of symbols and abbreviations
ASL apparent source level
BCI bootstrap confidence interval
BW bandwidth
DI directivity index
EFD energy flux density
EPR equivalent piston radius
Fc centroid frequency
Fp peak frequency
ICI interclick interval
pp peak to peak
QRMS Fc:BWRMS ratio
R range
RL received level
RMS root mean square
SL on-axis source level
TWTT two-way travel time
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hydrophone was connected to a 40 dB amplifier and filter box
(1 kHz high pass and 250 kHz low pass, 1 and 3 poles), which
connected to the same analog-to-digital converter as the star array
hydrophones. When wild botos approached the fish, the received
levels (RL) on the prey could then be recorded by the TC4034 while
the star array behind allowed for acoustic localisation and hence
derivation of source parameters.
Recording sessions were filmed above and below water by two

HD HERO2 cameras (GoPro Inc., San Mateo, CA, USA) with the
underwater camera mounted on top of the centre disc of the array to
verify that pulling of the prey hydrophone cable was in fact
correlated with botos grabbing the prey (Movie 1). This was
otherwise not apparent because of the murky water.

On-axis click criteria
The click detector threshold was set to 60 dB below the recording
chain clipping level, i.e. 125 dB re. 1 μPa (peak). To enable on-axis
source parameter estimation from the star array hydrophone
recordings, a set of strict on-axis selection criteria, modified from
Kyhn et al. (2010), had to be fulfilled: (i) clicks were considered on-
axis only if the highest envelope peak across all star array
hydrophones was recorded on the central hydrophone to ensure
that the acoustic beam axis had been directed within the array
boundaries; (ii) in each scan, only the click with the highest RL on
the central hydrophone was selected to reduce pseudo-replication
problems, as source parameters of consecutive clicks produced by
the same animal are most likely not independent; and (iii) as
determined by calibration measurements (Fig. S2), sound sources
had to be localised to within 10 m and at incoming angles less than
30 deg relative to the centre hydrophone.

Acoustic localisation
For each click, the time of arrival on all seven array hydrophones
was measured from the amplitude envelope as the time the −6 dB
amplitude relative to peak amplitude was first exceeded. This
formed the basis for the calculation of the six independent time-of-
arrival differences. Sound source location was then estimated from

those time-of-arrival differences by applying a least-squares method
(Wahlberg et al., 2001; Madsen and Wahlberg, 2007).

Biosonar parameters of on-axis clicks
Recordings were digitally high-pass filtered using a 10 kHz
Butterworth filter (4 poles) before on-axis signals were extracted
using a 64-point Hann window centred on the peak of their
amplitude envelopes and subjected to a factor 8 interpolation. Click
duration, amplitude parameters, spectral parameters (using 256-
point fast Fourier transform) and interclick interval (ICI) were
quantified as previously described (Ladegaard et al., 2015) using
the methods of Madsen and Wahlberg (2007) and Au (1993).

Beam pattern estimation
In order to estimate off-axis angles to individual hydrophones, the
acoustic beam axis first had to be estimated. This was done using a
method applicable for both 2D and 3D array conformations. First,
all receiver coordinates were projected on to a plane (using the
centre hydrophone as pivot point) perpendicular to the axis through
the localised sound source and the centre hydrophone (the receiver
measuring the highest RL). This resulted in a 2D rendition of the
perceived array conformation from the animal’s point of view. The
SL was then estimated at each projected receiver location. The error
of these estimated SLs depends on true off-axis angle to the centre
hydrophone, but this error (estimated to <1 dB) was ignored as the
on-axis criteria only allowed selection of clicks recorded less than
30 deg off-axis (i.e. sound source alignment with centre hydrophone
and fish was relatively close). Next, the 3D planar coordinates were
rotated into a set of 2D coordinates through principal component
analysis using the MATLAB princomp function. The estimated SLs
were then smoothed on a surface overlaying the 2D coordinates
using the MATLAB gridfit function on a grid spacing of 5 mm. The
acoustic beam centre was then determined to be at coordinates (x0,
y0), representing the amplitude peak of the fitted surface
(Wisniewska et al., 2015). The acoustic beam axis was then
estimated as the line intersecting the points (x0, y0, 0) and (0, 0, z0),
with z0 being localised sound source range relative to the centre
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hydrophone. Off-axis angles were then estimated from the
intersections between the estimated acoustic axis and the axes
between the sound source and each 2D receiver coordinate. Finally,
a composite beam pattern was calculated from estimated off-axis
angles and normalised apparent source levels (ASL) from each
receiver by applying a circular piston fit model routine previously
described in detail (Jensen et al., 2015). The piston diameters tested
ranged from 1 to 30 cm with 0.1 mm increments. Performance of
directivity estimation was calibrated in the harbour at the
Fjord&Bælt, Kerteminde, Denmark (Fig. S3).

RESULTS
Boto biosonar adjustments during target approach
The botos approached and intercepted a fish in front of the recording
setup a total of 156 times, during which 90 clicks fulfilling the on-
axis criteria were identified. Botos would in most trials start
approaching the prey attached to the TC4034 hydrophone (prey
hydrophone) within a few seconds of it being lowered into thewater.
In the example approach (Fig. 1), the levels presented were back-
calculated from the prey hydrophone and thus represent the ASL of
clicks primarily recorded off-axis. In the first 4 s of this approach,
the peak-to peak ASL (ASLpp) fluctuated around 180 dB re. 1 μPa
with occasional gradual amplitude decreases of 10–15 dB, with
these clicks of seemingly lower amplitude containing less high-
frequentAQ5

¶
energy. During the course of the approach, the ICI

decreased from about 30 ms to less than 15 ms (Fig. 1B). In the very
last part of this approach, the sound source could unfortunately no
longer be acoustically localised, probably as a result of the animal
changing its orientation away from the star array. However, the
clicks were still recorded on the prey hydrophone where the ICI
showed a further decrease to 7 ms at the time of prey interception.

ICI, lag time and buzzing
In order to investigate the notion that botos, like bottlenose dolphins
(Au, 1993), make use of a constant lag time [i.e. constant offset
between two-way travel time (TWTT) and ICI], the ICIs of all 90
on-axis clicks and the 261 approach example clicks were plotted
together with TWTT as a function of target range (Fig. 2). The ICI
of on-axis clicks showed a mean of 16.5±5.9 ms (Table 1), whereas
the 261 approach example clicks had a mean ICI of 22.0±6.6 ms.
The linear regression relationships calculated separately for the on-
axis clicks and approach example clicks as a function of target range

were ICI=1.85R+9.43, r2=0.52, and ICI=2.08R+11.3, r2=0.90,
respectively. A single outlier (8.2 m, 207 ms) was excluded in the
analysis of the approach example. Range-dependent lag time was
estimated by subtracting TWTT from the ICI data, thus yielding a
lag time of 0.528R+9.43 ms, r2=0.08, and 0.770R+11.3 ms,
r2=0.54, for on-axis clicks and approach example clicks,
respectively. All regression lines demonstrated slopes
significantly different from zero (P<0.01, t-test). The suggestion
that lag time was independent of target range therefore had to be
rejected. The shortest ICIs during all approaches were measured at
the time of prey capture (Fig. 3). ICIs were generally reduced only
gradually throughout approaches and during prey interception.
The median minimum buzz ICI (calculated within the last 0.5 s
before prey interception) was found to be 7.7 ms (N=128). Only
9% of buzzes contained ICIs shorter than 5 ms and all buzz ICIs
were longer than 3.6 ms.

Table 1. Source parameters for boto echolocation clicks recorded on-axis

This study Ladegaard et al. (2015)

UnitsMean±s.d. Range Mean±s.d. Range

SLpp 174.7±7.5 158–192 186.1±5.6 167–198 dB re. 1 μPa
SLRMS* 164.9±7.5 148–181 176.5±5.8 156–188 dB re. 1 μPa
SLEFD* 117.5±7.4 103–135 128.1±5.6 108–139 dB re. 1 μPa2 s
Duration* 19.0±4.4 14–37 14.7±3.4 9–26 μs
Fp 96.7±11.6 50–108 93.1±13.3 55–158 kHz
Fc 90.0±6.2 74–99 98.0±11.1 61–137 kHz
BWRMS 21.8±2.0 17–26 29.4±4.6 19–41 kHz
BW−3dB 34.1±11.6 18–70 50.1±17.2 33–118 kHz
BW−10dB 83.2±13.2 58–107 117.6±22.3 68–175 kHz
QRMS 4.2±0.5 2.9–5.2 3.4±0.5 2.1–5.4
ICI 16.5±5.9 5–31 26.0±9.2 8–54 ms
Range 3.8±2.3 0.7–9.7 6.1±2.2 1.2–9.9 m
N 90 166

SL, source level; pp, peak to peak; RMS, root mean square; EFD, energy flux density; Fp, peak frequency; Fc, centroid frequency; BW, bandwidth [RMS, half-
power (−3 dB) and −10 dB]; QRMS, Fc to BWRMS ratio; ICI, interclick interval.
*Calculated between the −10 dB end points relative to the peak of the amplitude envelope.
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On-axis source parameters
Source parameters were extracted for all 90 clicks fulfilling the
on-axis criteria (Table 1). These clicks had a mean duration of
19.0±4.4 μs and their peak and centroid frequencies were
distributed around means of 96.7±11.6 kHz and 90.0±6.2 kHz,
respectively. With a mean root-mean-square bandwidth (BWRMS)
of 21.8±2.0 kHz, the resulting mean quality factor [QRMS, centroid
frequency (Fc):BWRMS ratio) was 4.2±0.5. The source intensities
were measured as peak-to-peak SL (SLpp), root-mean-square SL
(SLRMS) and energy flux density SL (SLEFD), with means of
174.7±7.5 dB re. 1 μPa, 164.9±7.5 dB re. 1 μPa and 117.5±7.4 dB
re. 1 μPa2 s, respectively. SLpp was found to decrease with a

decreasing target range (Fig. 4), following the linear regression line:
SLpp=16.6log(R)+166.3 dB re. 1 μPa, r2=0.36 (P<0.001, t-test). Fc
increased with increasing SLpp, with the linear regression line:
Fc=0.56SLpp−6.7 kHz, r2=0.44 (P<0.001, t-test). In a series of two-
sample t-tests, the means of all source parameters reported here were
found to differ significantly (Table 1, P<0.05) from our previous
array measurements of wild botos (Ladegaard et al., 2015). Effect
size was quantified by calculating Cohen’s d for all source
parameter pairs. All Cohen’s d values were higher than 0.80,
indicating large effect sizes, except for the peak frequency (Fp)
difference (d=0.28), where effect size was small (Cohen, 1988). Of
the observed differences, we wish to highlight that all mean SL
measures were more than 10 dB higher in our previous study
(Ladegaard et al., 2015) AQ6

¶
. We also point out that caution is necessary

when comparing data directly as a significant difference was found
for mean localisation range (Table 1).

Beam directivity
The composite echolocation beam directivity of all on-axis clicks
was best described by the piston fit model using an equivalent piston
radius (EPR) of 3.8 cm having a 95% bootstrap confidence interval
(BCI) of 3.6–4.0 cm. This corresponded with a directivity index
(DI) of 23.1 dB (BCI: 22.7–23.5 dB), half-power beamwidth of
12.9 deg (BCI: 12.4–13.6 deg) and −10 dB beamwidth of 23.5 deg
(BCI: 22.5–24.7 deg) (Table 2) using the conversion formulas
described by Zimmer et al. (2005). Range-dependent analysis of
on-axis clicks divided into 1 m bins (Table 2, Fig. 5B) revealed that
mean DI changes significantly as a function of localisation range
through the relationship DI=3.45log(R)+21.3 dB, r2=0.99
(P<0.001, t-test).

DISCUSSION
Only about half of the known toothed whale species have ever been
recorded, but all of these have been shown to produce clicks suited
for echolocation (Surlykke et al., 2014). Yet, only for a small
number of these species has echolocation been unequivocally
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demonstrated (Norris et al., 1961; Penner and Murchison, 1970;
Evans and Awbrey, 1988) and this form of active sensing has been
extensively studied in even fewer (Au, 1993). Even for the best-
studied species in captivity, such as the bottlenose dolphin
(Tursiops truncatus), there is very little knowledge on how they
use echolocation in thewild to perform some of the most critical and
basic behaviours for which this sense evolved; namely locating,
choosing, tracking and capturing prey. Invariably, researchers
therefore face the trade-off between potential loss of ecological
validity in controlled, captive settings versus a lack of control and
little power to see in studies of wild animals (Au, 1993; Madsen and
Surlykke, 2013). Acoustic tags on animals in the wild have helped
bridge that gap over the last decade by providing detailed
information of relative output changes in toothed whale biosonars
during search, approach and capture of prey (Madsen et al., 2002;
Johnson et al., 2004; Wisniewska et al., 2016). Yet, such tags do not
provide information about the source parameters of the emitted
clicks that in part define the biosonar system performance. To get at
source parameters, hydrophone arrays in front of an echolocating
animal are frequently used to identify and quantify on-axis biosonar
clicks (Møhl et al., 1990, 2000; Au and Herzing, 2003). Many of
these studies have helped us understand how animals modify their
biosonar amplitude (Au, 2004) and directivity (Jensen et al., 2015)
in the wild, and extrapolated these to changes taking place during
prey pursuit. However, a fundamental assumption behind these
extrapolations is that the recorded animals focus their attention on
the array and adjust their biosonar in the same way as for a prey (Au
and Benoit-Bird, 2003; Madsen et al., 2004; Jensen et al., 2009).
Such an assumption may not always be supported; on the contrary, it
may be argued that a stationary or slowly drifting array in the water
column constitutes an uninteresting object that might even interfere

with detection of prey. This may be particularly likely in already
cluttered environments where animals encounter a variety of objects
in pursuit of prey, but less so for an array deployed in the open ocean
where outgoing echolocation clicks generate few echoes in return.
Also, an echolocator emitting tens to hundreds of signals while
approaching a target of interest may not strictly focus its attention
solely on this primary target, but is likely to inspect other objects in
the vicinity concurrently with approaching prey (Surlykke et al.,
2009; Moss and Surlykke, 2010). If animals do focus their attention
and hence biosonar gaze on an array, then the question is would they
produce echolocation signals having the same source parameters as
when adjusting to prey for capture?
In this study, we strived to ensure animal attention and hence

biosonar focus by creating a recording situation where a prey target,
equipped with a hydrophone, would be in line with a star-shaped
array. This allowed for the first quantification of source parameters
of wild toothed whale echolocation clicks engaged in approach
towards and interception of prey using botos as model organisms.
Specifically, we sought to test the hypothesis that toothed whales
echolocating for prey in the wild will employ different biosonar
parameters from those derived from typical array recordings.

Biosonar behaviour of botos during prey interception
The general boto biosonar behaviour consisted of a significant
decrease in SL as target range decreased, along with steadily
decreasing ICIs (Fig. 1). The initial target approach therefore largely
resembles the biosonar adjustments also reported for other wild
toothed whales potentially adjusting to arrays (Rasmussen et al.,
2002; Au and Herzing, 2003; Jensen et al., 2009) and for
unrestrained animals adjusting to prey or other targets in captivity
(DeRuiter et al., 2009; Wisniewska et al., 2012). During time

Table 2. Composite beam pattern estimates

Localisation range (m) Mean EPR (95% BCI) (cm) Mean BW−3dB (95% BCI) (deg) Mean DI (95% BCI) (dB) N

0–10 3.8 (3.6–4.0) 12.9 (12.4–13.6) 23.1 (22.7–23.5) 90
0–1 2.8 (2.6–4.2) 17.8 (11.8–18.7) 20.3 (19.9–23.9) 4
1–2 3.3 (2.9–3.8) 14.7 (13.0–17.1) 22.0 (20.7–23.0) 17
2–3 3.5 (3.3–3.8) 13.9 (12.8–15.0) 22.5 (21.8–23.2) 21
3–4 3.9 (3.8–4.0) 12.5 (12.1–13.0) 23.4 (23.0–23.7) 13
4–5 4.0 (3.7–4.2) 12.3 (11.5–13.1) 23.6 (23.0–24.1) 13
5–6 4.2 (4.0–4.2) 11.8 (11.6–12.2) 23.9 (23.6–24.1) 4
6–7 4.2 (3.8–4.5) 11.8 (10.9–12.9) 23.9 (23.2–24.6) 6
7–8 4.5 (4.3–4.7) 11.0 (10.5–11.5) 24.5 (24.2–24.9) 5
8–9 4.5 (4.1–4.8) 10.9 (10.1–12.0) 24.6 (23.7–25.2) 5
9–10 4.5 (4.4–4.5) 10.9 (10.8–11.0) 24.6 (24.5–24.7) 2

EPR, equivalent piston radius; DI, directivity index; BCI, bootstrap confidence interval.
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Fig. 5. Boto biosonar beam directivity. (A) The piston fit
model providing the best fit to the data, plotted as a light grey
line on top of the estimated 95%CI of this fit shown in dark grey.
(B) Data points show the mean composite directivity index (DI)
estimates for on-axis clicks divided into 1 m localisation range
bins. The 95% bootstrap confidence interval (BCIs) (vertical
bars) are included to illustrate within-group variation although
some group sizes are too small for reliable BCI estimates
(Table 2). The light grey line shows the logarithmic regression
line for mean composite DI as a function of localisation range
with the 95% CI of this fit shown in dark grey.
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intervals surrounding prey interceptions, the boto ICIs were at their
lowest (Fig. 3), which compares to the buzz phase that characterises
prey interception in other toothed whales (DeRuiter et al., 2009;
Madsen et al., 2013; Wisniewska et al., 2014; Fais et al., 2016). The
observation that botos also buzz during prey capture may
underscore a fundamental trait about echolocation in toothed
whales; even though botos have spent >10 million years adapting to
life in a remarkable habitat of rivers and flooded jungles while
evolving in parallel with marine toothed whales (Hamilton et al.,
2001; Martin and da Silva, 2004), these different species still seem
to share a basic biosonar framework that calls for comparable
biosonar adjustments and high sampling rates during the critical
phase of prey capture.
Even though echolocation behaviour on a broader scale is

comparable across species, the habitat and prey niche may be
defining factors for the ICI step change that toothed whales use
during the phases of target approach and buzzing and in the
transition between the two (Madsen et al., 2005; Johnson et al.,
2008; Madsen and Surlykke, 2013). Interestingly, we observed that
botos, which in general click much faster than similarly sized
marine toothed whales (Ladegaard et al., 2015), at rates comparable
to other river-dwelling species (Jensen et al., 2013), decreased their
ICIs from approach to buzzing only gradually from roughly 30 to
10 ms (Figs 2 and 3). In contrast, similarly sized marine species may
downregulate ICI by more than an order of magnitude, ending with
buzz ICIs as short as ∼2 ms when catching prey (DeRuiter et al.,
2009; Wisniewska et al., 2014). This bears a striking resemblance to
the observation that harbour porpoises exposed to a clutter situation
use click rates higher than normal during the approach phase, but
decrease click rate during buzzing (Miller, 2010). It may therefore
be speculated that the boto biosonar sampling scheme during prey
capture reflects an adaptation to echolocating in cluttered
surroundings. Another potential indication of this may come from
deep-diving beaked whales, although these animals, in sharp
contrast to botos, use slow almost constant ICIs during the approach
phase before suddenly switching to buzzing (Johnson et al., 2004;
Madsen et al., 2005). However, when beaked whales target single
prey, they do so using buzz rates with median minimum ICIs of
4.3 ms, whereas when targeting prey schools, this value increases to
7.1 ms (Johnson et al., 2008), which roughly compares to the 7.7 ms
found for botos. The slow buzzing in beaked whales approaching
prey schools may indicate an increased processing time of complex
returning echo streams or serve to maintain a larger auditory scene
when manoeuvring around complex targets (Johnson et al., 2008),
which might be similarly important to botos seeking out prey in a
cluttered and reverberant environment.

Biosonar update rate and adjustments to prey range
Most studies of toothed whales suggest that they keep their ICIs at a
longer duration than the TWTT to their target of interest (Morozov
et al., 1972; Au, 1993). A first hypothesis to test is therefore whether
botos adjust their click rate to prey range in a manner that will not
confuse range estimation. Animals adjusting to static targets are
predicted to have maximum control over biosonar adjustments as a
function of target range (Wilson and Moss, 2004), and hence the
current study should be well suited for investigating whether the
animals attempted to adjust ICI to produce a constant lag time. The
echolocating botos are likely to focus on the prey directly in front of
the recording array, and this is mirrored by the ICIs being well
explained as a function of target range (Fig. 2A). We show (Fig. 2)
that all ICIs measured both for on-axis clicks and example approach
clicks uphold the general pattern of ICIs always being longer than

the TWTT to the target of assumed interest (Au, 1993). Following
the arrival of target echoes, botos make use of lag times around
10 ms at the shortest target ranges while employing increasingly
longer lag times for longer target ranges. This finding differs from
some previous studies using stationed and actively swimming
captive bottlenose dolphins where lag times at comparable target
ranges have been reported as being fairly constant at around 20 ms
(Morozov et al., 1972; Au, 1980), but agrees with the other
observations indicating no support for constant lag time usage in
freely swimming animals approaching prey (Wisniewska et al.,
2014).
Previous field studies of smaller toothed whales often report that

some ICIs vary between several times the TWTT to approximately
equal to or below the TWTT, the latter primarily at longer ranges
(Jensen et al., 2009; de Freitas et al., 2015; Ladegaard et al., 2015).
If the assumption that animals adjust their biosonar relative to the
recording arrays holds, then such varying ICIs would suggest that
small toothed whales in thewild do not attempt to match click rate to
TWTT to the same extent as captive animals do (Penner, 1988; Au,
1993), and that they are less strict about avoiding range ambiguity as
the negative lag times could suggest. A perhaps more likely
explanation for such ICI observations could be that not all clicks
recorded in array studies are adjusted relative to the arrays, even
though clicks have been recorded on-axis; very long ICIs might
correspond to animals focusing on objects at ranges further than the
array while short ICIs with negative lag times could result from
animals adjusting to objects that are closer. This might especially be
true when recording animals that are engaged in activities such as
hunting (Au and Benoit-Bird, 2003; Au and Herzing, 2003), where
prey seems the more likely target than an array nearby, and the
proportion of on-axis clicks not focused on the array could be
substantial. For species where matching of click rate to target range
has been shown (Penner, 1988; Au, 1993), it could be argued as
acceptable to exclude clicks having either very long ICIs compared
with TWTT or negative lag times to reduce the risk of including
clicks emitted when the animals did not adjust biosonar gaze to an
array. However, such criteria are certainly not applicable to all
species (Madsen et al., 2005; Johnson et al., 2008) and this also
introduces the pitfall that clicks from atypical biosonar patterns
(Turl and Penner, 1989; Ivanov, 2004) may be ignored.
The current experiment allowed us to compare the click rates used

by wild botos when approaching prey (Table 1) with the click rates
recorded when an array was either actively or coincidentally centred
in the animal’s biosonar beam (Ladegaard et al., 2015). We show
that half the ICI variation is explained by range (Fig. 2A), whereas
our earlier array study arrived at an r2-value of 0.17 for all on-axis
clicks and just 0.04 when limiting the analysis to clicks localised
within 10 m (Ladegaard et al., 2015). Furthermore, the apparent
adjustment of click rate to range was roughly three times lower in
Ladegaard et al. (2015). This comparison either indicates that arrays
are not treated similarly to prey or alternatively that biosonar gaze is
not necessarily adjusted to an array even though this is centred in the
biosonar beam.

Biosonar output is adjusted during prey approach
Toothed whales possess a high degree of control over their biosonar
system both on the receiving side (Supin et al., 2010;
Linnenschmidt et al., 2012b; Supin and Nachtigall, 2013) and on
the biosonar output levels (Moore and Pawloski, 1990; Kloepper
et al., 2014). In captivity, it has previously been observed that
stationed toothed whales may adjust biosonar output level as a
function of range (so-called gain control) to physical targets in a
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manner following 11–13log(R) in bottlenose dolphins (estimated
from range and SLpp data published by Au, 1980) or 10–20log(R) in
harbour porpoises (Beedholm and Miller, 2007; Linnenschmidt
et al., 2012a,b). Similar-sized effects of 11–19log(R) have also been
found for two stationed bottlenose dolphins in a phantom echo
experiment, although no gain control was used by a third animal to
solve the same task (Finneran, 2013). Although such output
adjustments are sometimes labelled automatic gain control (Au and
Benoit-Bird, 2003), other studies suggest that output adjustments
are non-automatic (Jensen et al., 2009) and are under the animal’s
cognitive control (Linnenschmidt et al., 2012b; Kloepper et al.,
2014). Therefore, searching for general biosonar gain control rates is
challenging as individual adjustment strategies can be highly
different (DeRuiter et al., 2009; Finneran, 2013) and because
biosonar behaviours are task dependent (Kloepper et al., 2014;
Wisniewska et al., 2015).
Here, we show that wild botos use range-dependent biosonar

output adjustments as they approach prey that is subsequently
captured. This finding is different from that for foraging beaked
whales, which approach prey without any apparent gain control
before they switch to buzzing (Madsen et al., 2005). We found an
average gain control magnitude of 16.6log(R) (Fig. 4A) which, as a
result of the broad dynamic recording range, is a value unlikely to be
biased by 20log(R) filtering (see Appendix 1 for a more detailed
discussion of this issue). That result shows a slightly higher degree
of adjustment compared with the 12.4log(R) (Ladegaard et al.,
2015) or 14.7log(R) gain control (Fig. 4) found for botos where an
array was the assumed biosonar target. For the relationship between
SLpp and range, we further show that the regression line intercept is
approximately 10 dB lower when animals approach prey than
extrapolated from a more standard array study (Ladegaard et al.,
2015) when limiting analysis to the same span of localisation ranges
(Fig. 4). The observed differences suggest that biosonar output
regulation does not result from automatic or stereotyped
adjustments to any given object ahead of an animal, but rather
that echolocation context and task will affect the biosonar
parameters measured.

Biosonar beamwidth broadens during prey capture
Beam directivity has recently been shown in captivity to increase
with target range in both delphinids (Finneran et al., 2014) and
phocoenids (Wisniewska et al., 2015). In the wild, oceanicAQ7

¶ delphinids seem to follow the same overall pattern (Jensen et al.,
2015). Here, we show (Table 2, Fig. 5) that river-dwelling botos at
close range make use of a mean DI of 23 dB, which is among the
lowest reported DIs for any toothed whale so far, even though botos
use beam directivities comparable to those of other similarly sized
toothed whales when target ranges are longer (Ladegaard et al.,
2015). However, the boto’s relatively low DI used during short-
range echolocation in the final seconds before prey capture is
comparable to the DI of 22 dB that Ganges river dolphins
(Platanista gangetica) use when recorded at longer ranges (Jensen
et al., 2013). Although toothed whales in general seem to converge
on a DI between 25 and 29 when recorded at longer ranges (Koblitz
et al., 2012), it may be that such narrow beamwidths are more
common for clicks emitted by animals in the search or early
approach phase whereas this study focused on toothed whales
measured in the last few seconds before prey interception. As DI
depends on transmitter aperture size relative to wavelength, the
beamwidth adjustments may partly be explained by range-
dependent changes in Fc. However, by using the Fc standard
deviationAQ8

¶
of 90.0±6.2 kHz (Table 1) and the relationship between Fc

and range, the Fc changes would give rise to a DI change of only
1.2 dB [estimated as 20log(96.2/83.8)], which does not come close
to explaining the observed overall DI adjustment of approximately
5 dB (Fig. 5B). We therefore speculate that beamwidth is primarily
adjusted through conformation changes of the melon via
contractions of the surrounding muscles. Beam broadening prior
to prey capture is hypothesised to be advantageous in order to
reduce the risk of prey escaping ensonification just before the
critical phase of interception (Jensen et al., 2015; Wisniewska
et al., 2015). The botos’ ability to efficiently regulate beamwidth
over a short range (Table 2, Fig. 5) may likewise aid these animals
as they navigate and track prey in their riverine and flooded forest
habitats.

Conclusion
Here, we show how botos dynamically adjust their biosonar
parameters as they close in on and capture prey. Like marine toothed
whales, botos produce buzzes during prey capture, but with a less
clear transition in click rate from approach phase to buzzing. We
suggest that a cluttered and reverberant shallow water habitat
produces a biosonar context where fast clicking is advantageous in
search and approach phases, whereas relatively slow clicking during
buzzing could serve to reduce clutter and reverberation problems
related to short-term masking, complex acoustic scenes, and range
ambiguities to interpret. We further show that botos adjust their click
rate and biosonar output level as they approach prey, but do not
attempt to keep a constant RL on their target. Also, the magnitudes
of SL and ICI adjustments are higher during prey approach than
when botos echolocate towards a drifting array. Finally, the beam
changes shown in this study are the first demonstration that wild
toothed whales broaden their biosonar beamwidth as they approach
and intercept prey.

APPENDIX 1
Here, we wish to discuss and demonstrate a few critical problems
when using hydrophone arrays to record toothed whale clicks from
various ranges and subsequently back-calculate SL in order to make
inferences of whether animals use range-dependent output
adjustments, i.e. biosonar gain control. A first and critical
necessity is to select on-axis clicks from the total pool of recorded
clicks; however, even when that criterion is fulfilled, there are
several pitfalls that may lead to erroneous conclusions (Beedholm
and Miller, 2007; Madsen and Wahlberg, 2007; Villadsgaard et al.,
2007; Jensen et al., 2009). In order to conclude that an animal or a
group of animals is using gain control, it must be a prerequisite that
the null hypothesis of no use of gain control can be tested and
rejected. This requires a broad dynamic range of the recording
system relative to the range of SLs used by the animals. However,
system or ambient noise may be so high that it is not possible to use a
click detection threshold low enough to avoid range-dependent
filtering of low-amplitude clicks that will then be ignored in a 20log
(R) manner if assuming spherical spreading loss (Jensen et al.,
2009). Likewise, if the recording system is too sensitive to handle
input from high-amplitude clicks, then clipping will occur, which
leads to arbitrarily measured amplitudes following a 20log(R)
pattern (Beedholm and Miller, 2007; Madsen andWahlberg, 2007).
The combination of these two effects has been simulated in Fig. 6,
which shows that an observed gain control effect approximating
20log(R) might result arbitrarily because the dynamic range of the
recording system is unable to handle the input data range. Fig. 7
further simulates how digital filtering may partially conceal serious
clipping problems. To deal with this, we here suggest two criteria
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that may help identify data sets suitable for studying gain control by
allowing the null hypothesis of no gain control to be tested: (i) raw
data must not contain clicks that suffer from clipping and (ii) all
click amplitudes must be higher than the click detector threshold
plus 20log(Rmax), where Rmax is the furthest localisation range
considered. These criteria were defined post hoc and it is therefore

only by coincidence that they do not conflict with the data from this
study (Fig. 4A).
It is difficult to go back in the existing literature and identify

whether previous gain control studies fulfil these two criteria if the
click detector threshold and clipping level were not reported. This is,
for example, the case in the studies by Rasmussen et al. (2002), Au
and Herzing (2003), and Au et al. (2004), who first proposed 20log
(R) gain control mechanisms in wild toothed whales (Au and
Benoit-Bird, 2003), but other studies suggesting gain control also
do not, or only partially, supplement the data with this information
(Li et al., 2006; Atem et al., 2009; Fang et al., 2015). In other studies
where both the click detector threshold and clipping level are
reported, the two suggested criteria are not fulfilled and hence 20log
(R) filtering is a concern regarding the validity of observed gain
control magnitudes (Jensen et al., 2009; Ladegaard et al., 2015). To
our knowledge, only one previous study fulfils the two suggested
criteria (de Freitas et al., 2015). However, an additional caveat is that
when using on-axis criteria involving selection of the highest
amplitude click within a sequence exceeding a certain number of
clicks, the on-axis click inclusion threshold is raised above the click
detector threshold by a factor depending on the amplitude variation
in each click sequence. This increase in inclusion thresholdmight be
of the order of 5–15 dB judging from the ASL changes during
scanning behaviour shown in Fig. 1A,C, but will depend on the
minimum number of clicks accepted in each sequence, with fewer
clicks reducing this problem. Thus, in some situations,
implementation of an even more conservative criterion than the
suggested criterion (ii) might be appropriate in order to reliably test
the null hypothesis of no gain control. However, we hope that the
two suggested criteria may serve as a stepping stone for better
criteria in future gain control studies using hydrophone arrays.
In the study by Villadsgaard et al. (2007), an apparent gain

control effect was observed, but as the authors identified 20log(R)
filtering as a potential cause, these authors refrained from making
conclusions about biosonar gain control in the studied animals. We
suggest that future studies follow that example in cases where the
dynamic recording range does not allow for testing the null
hypothesis of no gain control. We further suggest that future studies
always report the recording system clipping level and the click
detector threshold used and also plot these in figures showing click
amplitude as a function of range with a clear indication of whether
the plotted levels refer to peak, peak-to-peak or other measures. This
information will serve as a helpful platform from where to convince
readers that potential gain control effects are real.

APPENDIX AQ9
¶

2
Calibration of acoustic localisation accuracy
In order to derive the range threshold for including clicks in
analysis, the localisation accuracy of the star array (Fig. S1) was
calibrated in Aarhus Harbour, Denmark, within sound source ranges
from 2 to 30 m and incoming angles of 0, 30, 60 and 90 deg. The
calibration sounds were broadband 2-cycle pulses with 90 kHz peak
frequency produced by a waveform generator (model 33220A,
Agilent Technologies, Santa Clara, CA, USA) and projected
through an omnidirectional HS70 hydrophone (Sonar Research
and Development Ltd, Beverly, East Yorkshire, UK). These
calibrations were performed in shallow water of approximately
2 m depth, simulating a worst-case recording situation. With
calibration pulses arriving from an angle perpendicular to the plane
of the array (incoming angle of 0 deg), the source localisation
proved robust out to a range of 10 m where the mean±s.d. of the
estimate was 9.9±0.23 m (N=39), corresponding to a mean error of
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Fig. 6. Mixed effects of insufficient dynamic range. The black and grey data
points together represent a simulated distribution of source levels emitted by a
hypothetical animal with no actual relationship to the recording range. The
simulation uses a signal detector threshold of 134 dB re. 1 μPa (peak).
Assuming spherical spreading following 20log(R), whereR is range, a signal at
range Rmust then exceed a peak amplitude of 134 dB re. 1 μPa+20log(R) dB
in order to be detected (lower blue line). As the source level in this example is
expressed in terms of peak-to-peak level (SLpp), then (assuming signal
waveforms are symmetric around zero) signals would need anSLpp surpassing
140 dB re. 1 μPa+20log(R) in order to reach detection, because the peak-to-
peak amplitude of a sine wave is 6 dB larger than the peak amplitude. The
lower distribution of grey data points therefore represents signals avoiding
detection. A comparable yet different situation occurs for signals that exceed
the recording system’s clipping level, which in this example is set to 174 dB re.
1 μPa. Signal amplitudes are limited by the recording system if the peak of the
signal waveforms exceeds 174 dB re. 1 μPa+20log(R) dB (upper blue line). For
signals with waveforms symmetric around zero, clipping only occurs when
peak-to-peak amplitudes surpass 180 dB re. 1 μPa+20log(R) dB. Signals
exceeding this level will not miss detection, but will instead be measured to
have an RLpp of exactly 180 dB re. 1 μPa and hence an estimated SLpp of
180 dB re. 1 μPa+20log(R) dB. The erroneously measured values of all grey
data points above the clipping level are indicated by the red data points that
follow an exact 20log(R) curve. The histogram on the right shows in grey the
uniform distribution of all true SLpp values (black and grey) that in combination
follow the linear regression relationship SLpp=−0.3log(R)+182.9, r2=0.00. In
black is shown the subset of signals that are detected and measured correctly
where values follow the linear regression line SLpp=20.1log(R)+171.4, r2=0.21.
The incorrectly measured data are shown in red above the correctly measured
data in black that in combination represent all detected clicks. The combination
of missing some signals while recording other signals either correctly or
incorrectly yields the final result of an erroneously significant relationship
between SLpp and R described by SLpp=16.4log(R)+159.8, r2=0.31. Note: for
asymmetric signal waveforms, such as many biological signals, signal
detection is in theory still possible for certain signals having an SLpp in the
range 134–140 dB re. 1 μPa+20log(R) dB, whereas clipping of asymmetric
signals could occur for signals with an SLpp between 174 and 180 dB re. 1 μPa
+20log(R) dB, if using the threshold settings from this example. A conservative
estimate, for the dynamic range wherein signals are correctly detected and
quantified as SLpp, would therefore be between the click detector’s peak
threshold+6 dB+20log(R) dB and the recording system’s peak clipping level
+20log(R) dB.
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the estimated TL of −0.1 dB (Fig. S2A). As the incoming angle was
shifted to 30 deg, the source localisation was still robust out to 10 m
(9.4±1.3 m, mean TL error of −0.5 dB, N=39), although a single
localisation outlier at 1.6 m (Fig. S2B) did result. For incoming
angles of 60 and 90 deg, the localisation performance gradually
broke down (Fig. S2C,D) with mean estimates at 10 m of 7.3±1.3 m
(mean TL error of −2.7 dB, N=39) and 1.0±0.66 m (mean TL error
of −20 dB, N=39), respectively.
As localisation ranges primarily resulted in underestimations of

the true range, a maximum range criterion could not be used alone to
reliably exclude poor localisation estimates. We therefore tested
whether a second criterion using angle estimation could resolve this
problem. A series of two-sample t-tests showed that the group of
estimated angles at 0 deg incoming angle was significantly different
and significantly lower than the estimated angles in all other groups
(P<0.05). The group of estimated angles at 30 deg incoming angle
was also significantly different and significantly lower than
estimated angles at 60 and 90 deg incoming angle (P<0.05).
However, the tests failed to reject that angle estimations at 60 deg
incoming angle were both different and lower than the estimates at
90 deg incoming angle. The final result was that angle estimates at
incoming angles of 0 and 30 deg could reliably be discriminated

and distinguished from angle estimates at 60 and 90 deg incoming
angle out to10 m range. Accordingly, the criteria for maximum
incoming angle and range were set to 30 and 10 m, which together
provided a robust method for excluding poor localisation
estimates.

Calibration of directivity estimation performance
Calibration signals were 2 cycles 100 kHz peak frequency pulses
produced by a RESON TC2130 directional transducer at ranges of
2, 5 and 10m from the centre hydrophone. At each calibration range,
the TC2130 was turned back and forth around the vertical axis to
simulate a toothed whale scanning its echolocation beam across the
hydrophone array in the horizontal plane, while the array was held at
incoming angles of 0, 30 or 60 deg relative to the sound source. One
minute of data was analysed for each recording situation. Only
clicks fulfilling the on-axis criteria i and ii were included in the
analysis. Table S1 shows EPR estimates along with DI and BW
−3dB converted from EPR using the conversion formulas described
by Zimmer et al. (2005). The estimated EPR tend to be higher than
found by Jensen et al. 2015, who reported EPR measures of 2.60±
0.09 cm (95% BCI: 2.50–2.79) for the TC2130 transducer when
using a logarithmic error model as in this study.
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Fig. 7. Signal clipping shapes the data distributions; off-line filteringmasks the effect.Results of a simulation where boto echolocation clicks are recorded at
various ranges on a system with a clipping level of 150 dB re. 1 μPa. Pink noise was added to individual signals as a function of range to mimic variable signals in
the simulated recordings (added noise was steeply high-pass filtered at 1 kHz). (A) The distribution of received signal amplitudes as a function of range resulting
from the SLpp distribution (B), where range does not explain the data variation. (C) As all recorded signals are clipped at both their positive and negative amplitude
peaks, all estimated RLpp values will be identical and have a value that is 6 dB higher than the clipping level. (This would not be the case if the signals were only
clipped on either the positive or negative side.) (D) The estimated SLpp distribution then assumes a 20log(R) relationship if corrected for an assumed 20log(R) TL AQ14

¶
,

with the same constant as for the estimated RLpp distribution. Range now apparently seems to explain 100% of the SLpp variation although no true relationship
exists. (E) The recorded signal amplitudes resulting after digital filtering using a 10 kHz Butterworth high-pass filter (4 poles), which introduces variation into the
RLpp distribution, where a slight negative relationship is now seen as a result of the range-dependent degree of clipping that occurs when signals of similar
amplitude are recorded at varying range. (F) The SLpp estimates that result after digital filtering. The slope is no longer exactly equal to 20log(R) and SLpp variation
of a few dB is seen around the regression line. (G) Five click examples from the data in C, where it is seen that recorded signal amplitudes are all ±1 with 1
representing the clipping level. (H) The data from G after digital filtering. Amplitudes now exceed ±1, with this being more pronounced for clicks recorded at close
range where the degree of clipping is higher.
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Potential interference patterns observed during the
directivity calibration
Unexpectedly large signal amplitude differences were occasionally
found during visual inspection of the directivity calibration data
on hydrophones equidistantly spaced from the centre hydrophone.
Fig. S3 shows an example of an expected signal amplitude
measurement (Fig. S3A–C) along with two examples of
unexpected amplitude variation (Fig. S3E,H). The occasionally
observed amplitude differences of sometimes >10 dB may be the
result of destructive or constructive interference patterns produced
by the directional TC2130 hydrophone and might also explain part
of the observed variation in EPR estimates at various ranges
(Table S1).

Acknowledgements
We sincerely acknowledge the invaluable field work assistance from Projeto Boto
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Summary: Wild Amazon river dolphins increase biosonar beamwidth and decrease source level during prey approach while click rates
transition into a buzz phase at the time of prey capture.
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Abstract 
Short-range experiments on dolphins suggest that they increase their source levels (SL) and interclick 2 

intervals (ICIs) with range in a stereotyped manner, but very little is known about how free-moving 

dolphins adjust click emissions while approaching a target from long range. Here we trained a free-4 

swimming bottlenose dolphin instrumented with an animal-borne recorder to approach a known target 

from ranges up to 400 m. We show that SL is adjusted to target range when ranges are below ~125 6 

m, and that SL is not regulated via automatic gain control from pneumatic constraints imposed by the 

click rate (as proposed by others). The ICI is also adjusted at short ranges with a tight lower limit, set 8 

by the two-way travel time, and an upper limit of around 200 ms. When target range is increased to 

125-400 m, the range-dependent adjustments cease for both SL and ICI. Concomitantly, the dolphin 10 

regularly switches to and from echolocation in click packet mode, which likely reflects a method for 

improving biosonar performance when other parameters are operated at maximally constrained 12 

levels. Click packets provide multiple acoustic looks within a short time window, which potentially 

improves target resolution and extends the echolocation inspection range compared to clicks 14 

produced in accordance with the two-way travel time.   
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Introduction 16 

Toothed whales and bats are unique in being the only animals where the sense of echolocation has 

evolved into a primary modality for both foraging and navigation. Although toothed whales are 18 

differently challenged than the smaller bats in the sky, there are several parallels to be drawn in the 

way they echolocate (Madsen and Surlykke, 2013; Surlykke et al., 2014). Generally, bats and toothed 20 

whales emit signals at a slow rate while searching for prey. When a target is detected and subsequently 

approached, the intercall or interclick intervals (ICIs) are then steadily decreased in such a manner 22 

that the ICI is always kept longer than the two-way travel time (TWTT) between the animal and the 

target. The chase ends with a prey capture attempt during which the echolocating predator is buzzing 24 

i.e. continuously producing echolocation signals at very short ICIs that are still longer than the TWTT. 

This echolocation behaviour forming the modes of search, approach, and capture was first outlined 26 

by Griffin (1958). The Griffin model provides the framework for how echolocation is generally 

understood; namely, that signal production is adjusted to target range so that following each signal 28 

emission the target echo returns and is processed prior to any subsequent signal production. Thus, the 

ICI consists of the TWTT plus a somewhat fixed lag time (Au, 1993). For the much studied bottlenose 30 

dolphin (Tursiops sp.) the lag time is generally between 20-50 ms (Morozov et al., 1972; Au et al., 

1974; Penner, 1988), which may represent the time required for echo processing (Au, 1993). If ICI is 32 

not kept above the TWTT then range ambiguity problems may occur since the delay between the last 

outgoing signal and the returning target echoes no longer correlate with target range. This likely 34 

compromises echolocation as inferred from the tight ICI adjustments that are made to prevent this 

from happening both by bats and toothed whales when actively tracking and capturing prey (Wilson 36 

and Moss, 2004; Wisniewska et al., 2016). 

In concert with ICIs decreasing as target range is reduced, the biosonar output levels generally also 38 

decrease (Au, 1980). For toothed whales, the decrease in output level has been suggested to be a 

consequence of pneumatic limitations of the sound production system when operating at increasing 40 

click rates resulting in a transmitter-based automatic gain control (AGC) mechanism for animals 

approaching a target (Au and Benoit-Bird, 2003). Such a proposed coupling between source level 42 

(SL) and ICI would then manifest itself if animals use a somewhat constant loading pressure for 

charging the proposed capacitor to give higher SLs for longer pneumatic loading durations, however, 44 

if loading pressure fluctuates unpredictably with range, then AGC might not be obvious. At longer 

target ranges, where click rates are lower, the highest recorded SLs for bottlenose dolphins are 228-46 

230 dB re. 1 µPa (pp) (Au, 1980; Au, 1993). These levels may represent a situation where the sound 
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production system is close to or at its maximum output capacity, but it is unknown what the time 48 

constant is for adequate pressurization within the nasal passage to reach such high levels, or even if 

pressurisation time is an active constraint on level. However, an upper output limit must exist which 50 

in turn points to a problem with the proposed transmission-based AGC model since output is 

suggested to follow an approximately 20log(R) relationship, where R is target range (Au and Benoit-52 

Bird, 2003). While Au and Benoit-Bird (2003) did not suggest the following, then naïve extrapolation 

of this model implies that SL will forever increase by 6 dB for every doubling of target range, which 54 

have led to the suggestion of exponential models as alternatives for describing AGC in bats (Nørum 

et al., 2012). Nevertheless,  ~6 dB changes in SL have been observed for a two-fold change in target 56 

range for a number of smaller toothed whales both in captivity (Wisniewska et al., 2012) and in the 

wild over ranges up to a few tens of metres (Rasmussen et al., 2002; Au and Herzing, 2003; Jensen 58 

et al., 2009). Little is known about how ICI and SL adjustments are implemented at long ranges 

beyond 100 meters, where the sonar equation predicts that animals should be able to detect larger 60 

targets if ambient noise and clutter levels are small enough. 

There are data to suggest that some toothed whales engaged in long-range echolocation switch to a 62 

different form of biosonar operation that does not follow the Griffin-Au models for dolphin 

echolocation; discrete click packets are emitted in a manner where ICIs within packets are much 64 

shorter than the TWTT to the target, whereas interpacket intervals (IPIs) are generally close to or 

longer than the TWTT (Turl and Penner, 1989; Ivanov, 2004; Finneran, 2013). Under this scheme, 66 

the packet emitting animals receive multi-echo streams following each packet emission rather than 

receiving a single target echo in between every click and hence returning echo delays relative to the 68 

last click event do not correspond with target range, except for echoes resulting from the last click in 

each packet. In addition to challenging the hypothesis that biosonars operate to avoid range 70 

ambiguity, this peculiar biosonar behaviour also has implications for the hypothesis of pneumatic 

output limitation (Au and Benoit-Bird, 2003), since the short ICIs for clicks within click packets 72 

should then result in low SLs suited only for short-range echolocation (Finneran, 2013). 

The use of click packets have so far mainly been reported under laboratory conditions for stationed 74 

animals comprising a beluga (Delphinapterus leucas) (Turl and Penner, 1989) and five bottlenose 

dolphins (Tursiops truncatus) engaged in go/no go long-range target detection and discrimination 76 

experiments using either real or phantom targets (Ivanov and Popov, 1978; Ivanov, 2004; Finneran, 

2013; Finneran et al., 2014). The combined results show that packet emission occurs when stationary 78 
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animals are echolocating towards static targets at ranges exceeding 75-120 m with packet use being 

a common phenomenon beyond 200 m (Ivanov and Popov, 1978; Turl and Penner, 1989; Ivanov, 80 

2004; Finneran, 2013; Finneran et al., 2014). Additional findings are that the number of clicks per 

packet increase with target range for some animals (Ivanov, 2004; Finneran, 2013) and that packet 82 

utilisation seemingly is governed more by range/echo delay rather than echo amplitude (Finneran, 

2013; Finneran et al., 2014).  84 

Similar click patterns have been reported for false killer whales (Pseudorca crassidens), Risso’s 

dolphins (Grampus griseus) (Madsen et al., 2004), and the rough-toothed dolphin (Steno 86 

bredanensis) (Rankin et al., 2015) in the wild, but all in a context where it is impossible to know if 

they are communicating with conspecifics or echolocating, and if the latter, at what target range. 88 

Critically, it therefore remains an unanswered question whether the scarce reports of free-ranging 

toothed whales emitting click packets is genuine, but a hitherto overlooked mode of echolocation or 90 

if the click packets produced by some trained delphinoids are an artefact of them solving a very 

specific task while stationed and echolocating into a very well-known echoic background.  92 

To advance our understanding of long-range echolocation and test the function of click packets, it is 

important to conduct studies where click production can be related to TWTT. This necessitates 94 

accurate knowledge of target range, which requires controlled experimental setups. It is also 

important to test the conclusions from such studies by designing experiments that resemble 96 

biologically more relevant conditions using actively moving animals (Houser et al., 2005). 

To address this, we designed an experiment where a free-swimming bottlenose dolphin actively 98 

approached a target from distances of up to 400 m while recording its echolocation clicks using both 

an on-animal Dtag and a synchronized hydrophone on the target, which allowed estimation of 100 

instantaneous target range for every detected click. Here we show that both ICI and SL remain 

relatively stable irrespective of target range from 400-125 m, but as the animal gets closer to the target 102 

both biosonar parameters display strong range-dependent adjustments. The dolphin frequently 

produced click packets at long target ranges, but simultaneously with the onset of range-dependent 104 

adjustments of SL and ICI, the production of click packets ceased. When describing the range-

dependent SL adjustments with either linear or logarithmic models, we find no difference between 106 

the variation explained in SL between the models.  We further show that biosonar output is not 

automatically limited by click rate. 108 
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Methods 
A trained bottlenose dolphin TRO (23 year old male, ~180 kg) with previous long-range echolocation 110 

training experience (Finneran, 2013; Finneran et al., 2014) participated in the current study. The 

dolphin belonged to the U.S. Navy Marine Mammal Program (MMP) population and was a regular 112 

participant in MMP psychophysical research. The study followed a protocol approved by the 

Institutional Animal Care and Use Committee at the Biosciences Division, Space and Naval Warfare 114 

Systems Center (SSC) Pacific and the Navy Bureau of Medicine and Surgery, and followed all 

applicable U.S. Department of Defense guidelines. 116 

Recording setup and trial protocol 

This dolphin was trained to echolocate on a physical target consisting of two water-filled plates 118 

(30x25 cm) constructed from wooden frames with sheet metal faces, positioned vertically at a 

perpendicular angle relative to each other and mounted at the end of a 2.4 m cylindrical metal pole of 120 

3.8 cm diameter and 0.15 cm thickness. To enhance the target strength, the plates were wrapped in 

bubble wrap to a thickness of approximately 8-10 cm. This target had a measured target strength (TS) 122 

of -22 to -23 dB in energy flux density levels (EFD). A SoundTrap 202 HF (576 kHz sampling rate 

and 186 dB re. 1 µPa clipping level, Ocean Instruments, Auckland, New Zealand) was mounted at 124 

the end of the target pole below the target plates. The SoundTrap hydrophone element was situated 

22 cm below the lower edge of the target and 7 cm below the end of the target pole and hence was 126 

free to record 360 degrees horizontally without being shadowed. When submerged during trials the 

target depth was approximately 190 cm measured at the target plate centre and the SoundTrap 128 

hydrophone element depth was approximately 230 cm. 

Recording sessions took place in San Diego Bay (32°43'39"N, 117°12'35"W) between the 14th and 130 

21st of December 2016. The dolphin was trained to leave its sea pen and follow a boat into the bay 

and then station at the boat before each trial. The animal was wearing a Dtag3 archival recorder (500 132 

kHz sampling rate and 189 dB re. 1 µPa clipping level, www.soundtags.org, Scottish Oceans Institute, 

University of St Andrews, Scotland) on its back with the two hydrophone elements located 134 

approximately 5 cm behind the blowhole. A second boat deployed the target, which was lowered into 

the water a few seconds before each trial. The initial animal to target range was read off a laser range 136 

finder immediately before the animal was sent towards the target. TRO was trained to approach the 

target and touch it with his rostrum at which time an underwater sound cue was played to indicate 138 
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correct behaviour and the end of the trial. The dolphin was marked with zinc-oxide on the dorsal 

surface to aid visual observations by the researchers while the dolphin swam in the bay. 140 

Click detection, synchronization, and range estimation 

All data analysis was carried out using custom scripts (Matlab 2017a, MathWorks, Natick, 142 

Massachusetts, USA) and scripts from the Dtag toolbox (www.soundtags.org/dtags/dtag-toolbox/). 

Click events were detected in the Dtag recordings after applying a 50-200 kHz band pass filter (6 144 

poles each) that served to reduce the number of false detections due to snapping shrimp transients. 

An automated click detector was then applied using an adaptive threshold above -66 dB re. clipping 146 

level and a blanking time of 1.5 ms. Click detections from all trials were then manually inspected in 

10-s windows using plots of received sound pressure level, power spectrum, and angle of arrival 148 

between the two hydrophones in order to add missed clicks and remove false detections. Next, the 

Dtag and SoundTrap clock offsets were estimated on a trial basis by finding the time of arrival 150 

difference (TOAD) of the underwater sound cues that marked the end of a trial using cross correlation. 

The trial offsets and Dtag click detections then served as inputs to a function that for each Dtag click 152 

detection, plotted a 0.5-s window of the corresponding SoundTrap recording colour coded with 

respect to peak pressure. Stack plots were then made of colour coded SoundTrap recording segments 154 

recorded within 20-s windows. This allowed for visual identification of distinctly coloured lines in 

the stack plots corresponding to click arrivals in the SoundTrap recordings. These click detections 156 

were then manually selected and saved with information of the TOAD between the two recording 

devices. From each TOAD, the instantaneous animal to target range could then be estimated by 158 

multiplying with a sound speed of 1507 m/s (calculated using the Medwin equation (Medwin, 1975) 

based on an estimated water temperature in San Diego Bay of 15°C, 2 m depth, and 35 ppm salinity). 160 

To account for periods of silence and instances of physically unrealistic changes in click-to-click 

range estimates, the range was interpolated using a two-state (speed and range) Kalman filter followed 162 

by a Rauch smoother. This filter smoothed the TOAD-based target range estimates as a function of 

time and predicted the most likely target range every 0.5-s when TOAD based range estimates did 164 

not exist for time gaps longer than 0.5-s.  

Biosonar parameter estimation 166 

ICIs were measured as the interval between each click and the preceding click detection. Next, the 

raw signals were extracted using a 200-µs window centred on each detection time before filtering 168 
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with a 10 kHz Butterworth high-pass filter (4 poles). To reduce the energy of reflections trailing the 

direct signals, a 200-µs Hanning window was applied to the filtered signals centred on the signal peak 170 

amplitude. For each signal, the power spectrum was then calculated (FFT size: 1024) to estimate the 

peak frequency (Fp), centroid frequency (Fc), and root-mean-squared bandwidth (BWrms) following 172 

Au (1993). Received levels (RL) were measured within the signal duration as peak-to-peak (RLpp). 

The signal-to-noise ratio (SNR) was measured as the rms level of the filtered signal amplitudes within 174 

the measured signal duration divided by the rms level of the corresponding noise metric in a 1-ms 

window immediately before each signal. On the SoundTrap, SLpp was estimated from RLpp by adding 176 

a transmission loss (TL) given by spherical spreading loss (20log(R/1 m) dB, where R is range) plus 

an absorption loss of alpha times R with alpha based on Fc for individual clicks, 15°C water 178 

temperature, 0 km depth, 35 ppm salinity, and a pH of 8 following Ainslie and McColm (1998).  

Click packets 180 

Click packets containing two or more clicks were selected manually using plots of waveforms and 

ICIs to produce a data set allowing comparison with detections made using an automated routine. 182 

Automatic click packet detection followed the criteria that (i) a packet begin with a click having an 

ICI >200 ms and a second click having an ICI <100 ms, (ii) all subsequent clicks with ICIs <100 ms 184 

are part of the packet, (iii) no other clicks must be present 200 ms after the last click in a packet, and 

(iv) a packet contains a minimum of 2 and a maximum of 10 clicks. 186 

On-axis click estimation 

Only a single SoundTrap hydrophone recorded at the target and hence there was no robust method 188 

for confidently identifying on-axis clicks. With that in mind, clicks were classified as likely on-axis 

following the assumption that the animal would be scanning its biosonar across the target at relatively 190 

constant SL during each scan, and that the click having the highest recorded amplitude within a click 

sequence would therefore have been recorded closest to the acoustic axis. Within each trial, clicks 192 

were automatically selected as potentially on-axis from the SoundTrap recordings using a 5-s sliding 

window (25% overlap) and the following criteria: (i) the click with highest SLpp within each 5-s 194 

window is the most likely on-axis candidate, (ii) this candidate click is only selected if it is not one 

of the first two or last two clicks in the time window to ensure that SLpp is increasing and decreasing 196 

within the time window as expected during scanning, (iii) although the same click can have the 
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highest SLpp in multiple overlapping 5-s windows, multiple selections of the same click only 198 

represents one data point in subsequent analysis.  

Results 200 

TRO successfully completed 45 trials from a mean starting range of 199±102 [range: 34-403] m from 

the target, which was approached at a mean swimming speed of 3.1±0.37 [range: 1.9-3.8] m/s 202 

assuming a straight swim path. A total of 27,723 echolocation clicks were detected in the Dtag 

recordings during the target approaches. This number reduced to 17,369 clicks with an SNR >6 dB, 204 

a target range >1 m, and when excluding buzz clicks below an ICI cut-off at 10 ms. On the SoundTrap, 

13,590 of those clicks were detected at an SNR >6 dB (from a total of 16,381 detections, Figure S1) 206 

and included in subsequent analysis. Figure 1A shows an example of one of the target approaches 

along with detected echolocation events, which in this example only consist of regular clicking (i.e. 208 

non-packet clicks) for target ranges below 150 m. At ranges beyond 150 m, this approach is 

characterised by TRO emitting a combination of regular click trains, click packet series, and single 210 

click packets separated by bouts of regular clicking. In some approaches, click packets were primarily 

produced in series while single click packets were more common in others. The echogram (Figure 212 

1B) illustrates an example of the actively generated acoustic scene of one of the approaches. 

Interclick intervals, lag times, and click packets 214 

For target ranges below 110 m, TRO overwhelmingly produced clicks with ICIs that were above the 

TWTT (Figure 2AB). However, a very different echolocation pattern was seen for longer target 216 

ranges where TWTT was not related to regular click ICIs that were distributed between 100-300 ms, 

resulting in a large proportion of negative lag times (Figure 2AB). Concurrently, the dolphin also 218 

began to produce click packets, which were observed out to the farthest target ranges considered in 

this study. From the subset of clicks identified both on the Dtag and the SoundTrap, the automatic 220 

click packet detector identified 512 click packets containing 1717 clicks whereas 554 click packets 

totalling 1838 clicks were found during manual selection. Of the automatically detected click packets, 222 

95% were also found via manual selection. Biosonar parameters for packet clicks found using both 

methods are shown in Suppl. Table 1. In the following, only the automatically detected packets are 224 

considered. These click packets contained a mean of 3.4±1.2 clicks [range: 2-10] (Figure 2C). The 

criterion of maximum 10 clicks per packet resulted in exclusion of 17 click trains that together 226 

contained 906 clicks. Linear regression analysis showed that the mean number of clicks per packet 
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as a function of range (Figure 2C) did not have a slope significantly different from zero (t-test, p-228 

value=0.77). 95% of all click packets were produced at target ranges beyond 100 m. The IPIs were 

longer than the TWTT for 96% of the click packets produced at target ranges below 200 m (N=236), 230 

whereas only 48% of IPIs were longer than the TWTT for packets emitted beyond 250 m (N=168) 

(Figure 2B). 232 

Source levels 

556 on-axis clicks per the defined criteria were detected of which 463 were classified as regular clicks 234 

and 93 as packet clicks (Suppl. Table 1). Figure 2 shows that for these on-axis clicks, the ICIs were 

strictly kept above the TWTT out to a target range of approximately 125 m after which this pattern 236 

dissolved in parallel with click packet usage becoming frequent. When applying a logarithmic model, 

the SLs measured for on-axis regular clicks showed a highly significant regression line slope as a 238 

function of target range (SLpp = 15.4log(R) + 172.7, r2=0.53, t-test, p-value<0.001) as did the on-axis 

packet clicks although less variation was explained by range (SLpp = 17.6log(R) + 171.6, r2=0.36, t-240 

test, p-value<0.001) (Figure 3A). Analysis of individual approaches with five or more on-axis clicks 

(N=35), showed mean logarithmic slopes of 16.2±7.3 [range: 3-46] times log(R) (Fig.3B) and mean 242 

constants of 171.8±14.0 [range: 115-194] (Fig.3C). Analysis of range-dependent SL adjustments for 

the subset of clicks produced at ranges from 1-125 m showed that an equal amount of data variation 244 

was explained for a logarithmic (SLpp = 13.8log(R) + 174.6, r2=0.45, t-test, p-value<0.001) and a 

linear model (SLpp = 0.20R + 186.0, r2=0.45, t-test, p-value<0.001) although the data variation was 246 

more evenly distributed around the mean for the linear model (Fig.3DE). SL did not change as a 

function of ICI for click packet clicks (t-test, p-value=0.48) that were always produced near maximum 248 

levels, whereas a highly significant ICI dependence was found for regular click ICIs below 200 ms 

(SLpp = 0.15ICI + 180, r2=0.42, t-test, p-value<0.001) (Fig4). 250 

Discussion 
Echolocation allows toothed whales to actively detect, discriminate, approach and capture agile prey 252 

targets under conditions of poor lighting. Yet, the classic way of studying the capabilities of this 

advanced biosonar system is to station dolphins at a fixed depth and have them echolocate on static 254 

targets (Au, 1993). This makes for a relatively constant acoustic scene in which the animal is often 

tasked with detecting or discriminating one or two targets, thus allowing a high degree of 256 

experimental control. This approach has proven very fruitful and has critically laid down the 
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conceptual and quantitative framework for understanding toothed whale echolocation (Au, 1993; 258 

Surlykke et al., 2014). However, because echolocating toothed whales in the wild are always on the 

move through a constantly changing and actively formed acoustic scene, such tightly controlled 260 

setups may suffer from a lack of ecological validity by removing the dynamically changing acoustic 

flow that a moving animal is exposed to in concert with the task of detecting and processing echoes 262 

from targets of interest.  

Recent advents of acoustic tags have to some extent alleviated that concern by permitting detailed 264 

studies of how echolocating toothed whales in the wild adjust their biosonar to echo information 

returning both to the auditory system of the whale and the recording tag, allowing quantification of 266 

predator-prey interactions (Johnson et al., 2004; Johnson et al., 2008; Wisniewska et al., 2016). These 

field studies have provided an unprecedented view of how some wild toothed whales actively adjust 268 

their sound production to generate echo information that guides their approach to and capture of prey. 

However, field studies too suffer from problems - we do not know what target(s) animals are 270 

interested in and prey echoes can only reliably be recorded out to some tens of meters. Such ranges 

are orders of magnitude shorter than the maximum target detection ranges demonstrated in laboratory 272 

studies; stationed bottlenose dolphins may detect a three-inch steel sphere from beyond 100 m (Au 

and Snyder, 1980) and larger targets beyond 650 m (Ivanov, 2004). Thus, toothed whales can 274 

echolocate targets at very long ranges, but it is not understood how free-swimming animals adjust 

their biosonar when detecting and actively approaching targets over such long ranges, neither in the 276 

laboratory nor in the wild. By using acoustic and inertial sensing tags on a free-swimming dolphin 

trained to locate and approach targets over long ranges, we here show for the first time in detail how 278 

a bottlenose dolphin echolocates as it actively closes in on a known biosonar target. 

The seminal studies on bottlenose dolphins in the laboratory have shown that the target echo must 280 

return before another click is produced to avoid range ambiguity (Evans and Powell, 1967; Morozov 

et al., 1972; Au et al., 1974). It follows that ICIs need to be longer than the TWTT by some lag time, 282 

which has been suggested to be rather constant between 20 to 45 ms to serve neural processing of 

echo information (Au, 1993). Here we show that over the ranges from one to about 110 m, where 284 

echolocation has mainly been studied in the past with stationed dolphins, the free-swimming dolphin 

ICI is similarly controlled so that the ICI is longer than the TWTT (Fig2A). Over the same range, we 286 

further demonstrate that the ICI is distributed above the TWTT, but below some 200 ms while a more 

stable ICI of 200±100 ms is observed for regular click trains at longer ranges (Fig2A). This apparent 288 
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break point for regular click ICIs resembles the findings of Turl and Penner (1989) using a stationed 

bottlenose dolphin that tightly adjusted ICI to TWTT for target ranges between 40-80 m while also 290 

stabilizing ICI just below 200 ms between 100-120 m. Finneran (2013) also showed in a phantom 

echo experiment involving three dolphins that the vast majority of clicks during long-range 292 

echolocation are produced below 200 ms. If biosonar inspection range is given by the ICI minus the 

lag (Akamatsu et al., 2005), it follows that the dolphin is typically operating with an upper search 294 

range of about 125 m ((200-32.5 ms)*1.5 m/ms /2).  

If so, an estimated inspection range out to around 125 m happens to coincide with the target range 296 

beyond which the biosonar output levels cease to increase (Fig3). First in a paper by Rasmussen et 

al. (2002) and then subsequently in a much cited Nature paper by Au and Benoit-Bird (2003), it was 298 

reported that dolphins employ a 20log(R) gain control on the transmission side so that the source 

level (SL) is doubled for every doubling in target range. However, that assertion has never been tested 300 

on free-swimming dolphins in a long-range echolocation setting where the target of interest is known. 

The 20log(R) model is attractive to use since it ties neatly into the sonar equation (Urick, 1983; Møhl, 302 

1988) by offsetting one-way TL for a single target. Together with a proposed 20log(R) gain control 

on the auditory side of the sonar system it has been speculated that the two gain controls cause animals 304 

to perceive a constant EL irrespective of range (Supin and Nachtigall, 2013). One concern with 

finding a 20log(R) gain control is, however, that it is the same result that may arise from signals 306 

recorded on systems with limited dynamic recording ranges irrespective of whether the animals 

actually employ AGC (Beedholm and Miller, 2007; Ladegaard et al., 2017). A second concern is that 308 

it is hard to imagine that increases in both gain control systems would continue out to the long ranges 

consider here. In addition, the auditory gain control does not seem relevant in the context of long-310 

range echolocation as high increases in hearing thresholds that roughly compensate for a one-way TL 

only applies for targets closer than 10-20 m (Supin and Nachtigall, 2013), although full recovery of 312 

hearing sensitivity following click production may require echo delays corresponding to as much as 

an 80 m TWTT (Finneran et al., 2013; Finneran et al., 2016). Here we show that dolphin output 314 

control during individual target approaches is indeed range-dependant, but distributed across a wide 

range of slopes from 5-25log(R) when fitting a logarithmic model (fig3B). However, for the target 316 

ranges below 125 m, a logarithmic model does not explain SL any better than a linear model 

(Fig.3DE). Thus, this study suggest that a free-swimming dolphin does reduce its SL with reducing 318 

range, but not in a way that can be explained with 20log(R) transmission side AGC, and that the A in 

AGC (Automatic Gain Control) should be taken out. Thus it seems that the animal does not try to 320 
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maintain a constant received level on the target, and for delays above the TWTT to 10-20 m in which 

hearing AGC is most prominent (Finneran et al., 2013; Supin and Nachtigall, 2013), the perceived 322 

echo level will decrease with increasing range. Thus, during long-range echolocation approaches this 

dolphin appear to work towards improving their perceived echo level, and not to stabilize it. 324 

Regardless of whether a linear or logarithmic model is used for fitting SL and range, both models 

imply that there is no upper output limitation. So, can an animal maintain target detection from 326 

increasing ranges by increasing SL infinitely? The answer must clearly be no, but at the same time, 

the considerable variation in SL at longer ranges makes it unclear exactly at what range the dolphin 328 

is no longer able to increase output levels (Fig3A). Moore and Pawloski (1990) have shown that a 

dolphin tasked with clicking at either constantly low or high amplitudes will produce clicks 330 

distributed by ±5 dB around the mean SL for both conditions. Here, a similar SLpp variability of 

210±8 dB re. 1 µPa exist when the dolphin echolocates at target ranges between 125-400 m (Fig3A), 332 

thus showing that relatively large SL fluctuations continue up to the highest levels. The observed SL 

trend bears a striking resemblance to the pattern seen for ICIs from regular click trains, namely that 334 

adjustments are employed across a wide dynamic range out to about 125 m, where after adjustments 

taper off relatively quickly and stabilize, although with substantial variation around the mean 336 

(Fig.2A,3A). The average long-range SLpp of 210±8 dB re. 1 µPa is similar to the SLs measured for 

various populations of wild bottlenose dolphins recorded both in shallow and deep waters (Wahlberg 338 

et al., 2011) and in laboratory conditions for different stationed animals, including the animal used in 

this experiment during long-range echolocation tasks (Ivanov, 2004; Finneran, 2013). Although a few 340 

studies have shown that bottlenose dolphins may operate with average SLpps up to 220-228 dB re. 1 

µPa (Au et al., 1974; Au, 1980), it seems that for other bottlenose dolphins the biosonar output 342 

capacity reaches saturation around the average SLpp of 210±8 dB re. 1 µPa, as measured here 

(Finneran, 2013). So if SL is not increased at ranges beyond target ranges of some 125 m, what may 344 

echolocating dolphins do to improve target detection? 

Click packets may be the answer: Previous studies have shown that for target ranges longer than 75-346 

125 m, stationed delphinoids often switch to a completely different echolocation mode involving 

click packets (Turl and Penner, 1989; Ivanov, 2004; Finneran, 2013). However, the use of click 348 

packets under controlled settings has so far only been observed for stationed animals echolocating on 

targets at fixed ranges, and thus the echolocation tasks were solved in relatively constant echoic 350 

scenes where range ambiguity from echo packets (relative to the last outgoing click event) may be 
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easier to handle than when on the move. Here we show for the first time that a free-swimming dolphin 352 

will also use click packets to solve a long-range echolocation task, and that the target ranges at which 

packets are used correspond well with ranges beyond ~125 meters where usual echolocation 354 

adjustments of ICI and SL no longer keep up with increasing range (Fig2). The click packets usually 

contain 2-5 clicks and are separated by IPIs that generally exceed the TWTT, whereas ICIs within 356 

packets are about 30 ms on average (Fig2, Suppl. Table 1). This resembles previous observations 

although variability is found between individuals; for example, whether or not the number of clicks 358 

per packet changes with range (Finneran, 2013) (Fig2C).  

What potential gain might click packets then offer a dolphin at long target ranges? Could the click 360 

packets be a mode where the sound production system is operated at some optimal mechanical 

resonance to increase the maximum output levels, and hence search ranges, beyond what is possible 362 

to achieve by regular clicking for target ranges out to around 125 m? This speculation is not supported 

by the present data, as click packet SLs are just as high, but not higher, than the maximum SLs during 364 

regular clicking. However, the ICIs at which these high levels are achieved are much shorter than the 

200 ms or so where regular clicks approach maximum levels, namely around 30 ms and in some cases 366 

just above 10 ms (Fig.4, Suppl. Table 1). This then in turn conflicts with the notion by Au and Benoit-

Bird (2003) that output levels are defined passively by pneumatic limitations of the sound production 368 

system, at least for ICIs longer than 10 ms (Figure 4)(Finneran, 2013). So while gain control is 

observed for the biosonar outputs used during short-range echolocation (Fig.2), we conclude that the 370 

output gain control is not automatic in the sense that SL is not a passive consequence of ICI and hence 

range for ICIs above 10 ms. The click packets show that dolphins can click fast at high SLs, enforcing 372 

the removal of A in transmission side AGC. 

Because packet clicks are produced close to but not above the maximum output levels during regular 374 

clicking at long ranges, each individual click in a packet does not offer a better echo to noise ratio 

(ENR) than regular clicks. The ENR will then accordingly decrease directly proportional to increasing 376 

range beyond 125 m where the SLs cease to increase further with target range. SL is thus not a tool 

that the animal can use at long ranges for improving ENR per click and hence detection range. It is a 378 

clear limitation of the current study that it is unknown at what range the target is detected. However, 

detection studies have been carried out by others in areas with snapping shrimp present. Au and 380 

Snyder (1980) showed that for a target with a TS of -28 dB presented at a range of 113 m, thus 

resulting in a two-way TL of about 90 dB, a dolphin producing clicks at an average SLpp of 222 dB 382 
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re. 1 µPa can detect the target using received echo levels (ELpp) of 104 dB re. 1 µPa. Here we estimate 

that for a TS of -23 dB, an SLpp of 210 dB re. 1 µPa, and a range of 125 m resulting in two-way TL 384 

of about 91 dB, the ELpp is then 96 dB, and thus comparable to the EL in the study by Au and Snyder 

(1980). This suggests that the animal is operating close to or even below the detection threshold for 386 

individual echoes at 125 m, depending on background noise.  

Are click packets instead offering integrational benefits in terms of multi-echo processing, i.e. via 388 

multiple acoustic looks at the target provided by each returning echo packet delivered in rapid 

sequence? It has been shown for dolphins that when the number of available echoes in a detection 390 

task is limited to N then detection performance resembles a binary M-out-of-N detector, where 

detection threshold is lowered by 12 dB when 2 echoes are available rather than one, and that each 392 

subsequent doubling in echo number provide an additional 4 dB improvement (Altes et al., 2003). 

However, that finding is for echoes returning after a single click, and to harness a similar potential 394 

gain for multi-click-multi-echo processing echo information must be processed as an entity for the 

click packet. That this is possible has been confirmed in a more recent study by Finneran et al. (2014) 396 

who found that detection performance fit the predictions using an ideal energy detector, rather than 

an M-out-of-N detector, where the gain increases about 3 dB for every doubling in the number of 398 

echoes. For the 3-4 clicks emitted on average per packet (Fig.2C), the dolphin then stands a gain in 

detection performance up to 16 dB compared to single echo processing, assuming improvement to be 400 

similar as found by Altes et al. (2003), or about 6 dB according to the results of (Finneran et al., 

2014). Hence, under the assumption that multiple echoes are generally processed together during 402 

regular clicking, then as ICIs are forced upwards by the TWTT for increasing target ranges, the echoes 

may at some point begin to return in separate multi-processing time windows (Finneran, 2013), which 404 

based on the results of Altes et al. (2003) and Finneran et al. (2014) should lead to a drastic decline 

in detection performance. Although speculative, the ICI break point around 200 ms (Fig2A) may 406 

indicate that multi-echo processing does not work well for echoes separated above this duration that 

is close to the long integration time in mammalian and also dolphin ears (Johnson, 1968). This may 408 

then be compensated for by the use of click packets that reintroduce multiple acoustic looks within a 

short time window while retaining ranging ability by using IPIs longer than the TWTT (Finneran, 410 

2013). Further, it may be that animals will react to echoes moving out of the same processing window 

by initiating packet production regardless of what the EL is, which might also be inferred from the 412 

findings that echo delay/target range is a better predictor for onset of click packet production than EL 

(Finneran, 2013; Finneran et al., 2014). Thus, the multi-echo processing model may offer an 414 
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explanation of why dolphins shift to click packets when targets move to ranges where detection 

becomes hampered for single clicks. However, it is surprising to find that the dolphin in this study 416 

used 3-4 clicks on average regardless of range (Fig2C), thus apparently not seeking to improve the 

multi-echo processing gain for increasing ranges, especially since contrasting observations have been 418 

made for a different dolphin (Finneran, 2013). 

Multi-echo processing is also exploited by some man-made sonar and radar systems, where the time 420 

compressed/stretched delays of multi-pulsed signals are detected and used for discriminating target 

echoes from clutter and reverberation (Skolnik, 2001). Water depths of 8-10 m in our test area would 422 

support similar benefits from clutter resilient sonar modes, especially during long-range echolocation 

where target echoes are at higher risk of masking by clutter echoes and reverberation. It may therefore 424 

be hypothesized that the function of click packets is to produce multi-pulsed signals suitable for 

measurements of delay time shifts in order to reduce clutter problems. Detection of delay shifts 426 

require more precise delay measures under water than in air for the same target approach speed due 

to sound travelling four and a half times faster in water. The delay shift occurs both during 428 

transmission and echo reception, so if the dolphin approaches the target at 3 m/s and emits a click 

packet with ICIs of 30 ms, then the returning echoes will be temporally spaced by (1 - (3 m/s / 1500 430 

m/s)) * (1 - (3 m/s / 1500 m/s)) * 30 ms equal to 29.9 ms. If this delay shift is to be detected, the 

animal first needs to know its own speed with remarkable accuracy and then store an accurate 432 

template of the delay between each outgoing click pair that for target ranges of 100-400 m is between 

130-530 ms. When the echoes return then delays between each echo pair needs to be evaluated 434 

relative to the correct delay between the outgoing clicks by comparing to the template. Those 

requirements are difficult to reconcile with our current knowledge about dolphin biosonar and 436 

hearing. Specifically, a large processing difficulty seems to arise when the animal is sending out more 

than two clicks per packet: Since the delays between different click pairs may vary several 438 

milliseconds, i.e. 1-2 orders of magnitude larger than the delay shift to be detected, the animal will 

make large timing errors if misaligning the template of outgoing clicks and returning echoes; 440 

something that is likely to happen if either the first or last echo in a packet is not detected. If an echo 

in the middle of a packet goes undetected then two echo delay windows are lost, and alignment of 442 

any remaining echo pair delays may be compromised. Another potential problem with this time delay 

shift hypothesis is that the 0.1 ms delays to be measured for click packet ICIs of 30 ms are less than 444 

half the duration of the 0.26 ms integration time of the dolphins inner ear (Vel'min and Dubrovskii, 

1976; Moore et al., 1984; Au et al., 1988). However, based on extrapolations of the ability with which 446 
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dolphins discriminate click-echo time-separation differences from reference values between 1-9 ms 

(Murchison, 1980), the 75% threshold then closely matches the estimated 0.1 ms delay shift, but while 448 

the delay shifts may be detectable above chance level, it does not seem to be a very reliable mode of 

operation.  450 

Conclusion 

Here we have shown that a free-swimming dolphin approaching a target will adjust its clicking rate 452 

so ICIs are between the TWTT and approximately 200 ms for target ranges below 125 m. At longer 

target ranges, the ICIs used during regular click trains are relatively stable around 200 ms. A similar 454 

pattern is seen for output levels that also increase with range up to about 125 ms after which SL 

stabilizes around 210±8 dB re. 1 µPa (pp). The range-dependent SL adjustments do not follow the 456 

20log(R) model that has been proposed as a general AGC mechanism in toothed whales. Over the 

range from 1-125 m where output is adjusted, the SL variation is explained equally well from linear 458 

and logarithmic fits, but with the variation being more evenly distributed around the mean in the 

linear model. This could suggest that gain control is adjusted on a linear scale for non-buzz clicks 460 

that are not produced near maximum output levels, however, this study only involved one animal, 

thus restricting general conclusions. We further show that gain control is not an automatic process 462 

due to pneumatic limitations of the sound production system for ICIs above 10 ms, since click packets 

are produced at high rates and maximum levels. The onset of click packet production corresponds 464 

with adjustments ceasing for SL and the ICIs for regular clicks. We therefore speculate that click 

packets are produced to allow multi-echo processing at target ranges where range ambiguity problems 466 

start occurring during regular clicking. 
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Figures 592 

 

Figure 1 Dive track and echogram of example approach starting 314 m from target. (A) Dive 594 

track showing the dolphins approach to the target/SoundTrap (blue line) estimated from Dtag 

accelerometer data. Swim speed was assumed constant at 3.3 m/s (estimated from trial duration and 596 

known starting range 314 m from target). Regular echolocation clicks (dots, N=461) and click packet 

clicks (crosses, N=123, 36 click packets) have been plotted on top of the blue dive track and colour 598 

coded with respect to apparent SL (colour bar on the right) estimated from RL on the Dtag by adding 

a back-to-front ratio of 30 dB. This was calculated by having—in a separate experimental setup—600 

TRO echolocate on a TC4013 hydrophone (-216 dB re. 1 V/µPa receiving sensitivity, Teledyne 

RESON A/S, Slangerup, Denmark) situated in front of the animal, 1 meter ahead of the blowhole, 602 
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and comparing with recordings of the same clicks measured on the Dtag. The SL measured for clicks 

recorded on the SoundTrap have been plotted on top of the horizontal dive track shadow (grey line) 604 

as vertical colour coded bars. The height of the bars have been normalised so that zero corresponds 

to an ASL of 160 and a height of two corresponds to 220 dB re.1 µPa (pp). A black cross at the top 606 

marks bars corresponding to click packet clicks. The left wall shows in grey the vertical dive track 

shadow and the ASL bar shadows for click packets (for the shadow track, target range is 608 

approximately 3 times the axis values). (B) Echogram that for each click shows the echoes (colour 

coded vertical stack plots) received from a range out to 100 m ahead of the animal. The width of the 610 

stacked echoes have been normalized relative to interclick intervals to produce time into trial on the 

x-axis. The animal’s four surfacings can be identified from the surface echoes between 0-4 m. Target 612 

echoes are visible between the black parallel lines in the lower right corner. The same colour map is 

used as in (A), but with a range from 130-160 dB re. 1 µPa (pp). 614 
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Figure 2 Interclick interval and click packet usage in relation to target range for on-axis clicks. 616 

(A) ICI of potential on-axis clicks as a function of target range. ICIs from regular clicks (N=463) are 

shown as grey points. For click packets found to contain an on-axis click (N=93), the ICI for the first 618 

click in each packet (the IPI) is shown as red upwards pointing triangles, the interval between the last 

click in a packet and the next click (post IPI) as purple rightwards pointing triangles, while the median 620 

ICI for the second to last clicks within each click packet is shown as blue downwards pointing 
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triangles. Thirteen IPIs and twenty-six post IPIs are beyond 800 ms. The dashed line shows the 622 

TWTT. Note how well the TWTT matches the lower part of the ICI distribution of regular clicks 

below a target range of 100 m. (B) Histograms showing the percentage of regular click ICIs above 624 

the TWTT (grey) and the percentage of combined IPIs and post IPIs above the TWTT (dark red) in 

10 m target range bins. (C) Histogram showing the percentage of on-axis clicks that are packet clicks 626 

in 10 m target range bins. Blue dots and error bars show the mean number of clicks per packet ± S.D, 

respectively. 628 

 

Figure 3 Source level of on-axis clicks in relation to target range and ICI. (A) Source levels for 630 

463 regular clicks (grey points) and 93 clicks from click packets (blue triangles) recorded on-axis. 

The regular click’s dependence on target range is modelled as a linear regression: SLpp = 15.4log(R) 632 

+ 172.7, r2=0.53, shown as a solid black line along with the 95% CI (grey shaded area). For the click 

packet clicks, a similar linear regression was calculated: SLpp = 17.6log(R) + 171.6, r2=0.36, (not 634 

shown). The SoundTrap clipping level (pp) plus 20log(R) is shown (dotted line) to illustrate the 

maximum SLpp that can be recorded from various ranges without clipping problems. Please consult 636 

Figure S1 for potential filtering effects cause by the click detection threshold. (B) Histogram showing 

the slopes of linear regression lines calculated for individual trials with five or more on-axis clicks 638 

(N=35). (C) Histogram showing the corresponding intersects of those 35 regression lines (unit: dB 

re. 1 µPa (pp)). (D) Logarithmic model fitted to the regular clicks produced at target ranges between 640 
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1-125 m (black line with grey area showing 95% CI). A high proportion of data points are above the 

fitted line at short and long range. (E) Linear regression model fitted to the regular clicks produced 642 

at target ranges between 1-125 m. The data points are relatively even spaced around the regression 

line for all target ranges except below 10 m. 644 

 
Figure 4 SL as a function of ICI for regular clicks (grey dots, N=463) and click packet clicks (blue 646 

triangles, N=93). A linear regression line and 95% CI is fitted for regular clicks with ICI <200 ms 

(SLpp = 0.15ICI + 180, r2=0.42).   648 
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Supplementary material 
Suppl. Table 1 Echolocation click source parameters 650 

  SOUNDTRAP (AUTOMATICALLY DETECTED CLICK PACKETS)   

  All regular clicks 1st packet click Last packet clicks Units 

SLpp  179.3 ± 15.9  [126.2-225.0]  201.4 ± 12.6  [156.5-222.8]  204.1 ± 11.8  [157.1-223.9]  dB re µPa 

ICI  163.1 ± 529.3 [1.7-17947.6]  647.0 ± 897.3 [200.5-8617.6]   32.6  ± 15.4 [10.6-98.3]  ms 

Fc   55.6  ± 22.0  [11.8-196.5]   69.7  ± 20.5  [15.2-109.4]   72.4  ± 20.3  [23.0-115.9]  kHz 

Fp   45.6  ± 28.8  [8.4-203.6]   63.0  ± 29.9  [12.4-133.9]   66.4  ± 31.7  [14.1-200.3]  kHz 

BWrms   28.8  ± 9.5   [5.0-85.7]   28.9  ± 7.2   [9.4-62.9]   29.4  ± 6.9   [9.3-82.0]  kHz 

SNR   19.1  ± 6.6   [6.0-37.6]   19.8  ± 5.7   [6.1-35.3]   20.3  ± 5.3   [6.1-39.5]  dB 

Range   73.9  ± 86.0  [1.0-402.3] 211.6  ± 74.8  [4.3-399.9] 217.7  ± 72.7  [4.2-369.5]  m 

N 11924 490 1176 
 

  All regular clicks (on-axis) 1st packet click (on-axis) Last packet clicks (on-axis) Units 

SLpp   200.6 ± 12.0  [153.8-225.0]  209.9 ± 10.0  [182.7-220.2]   211.3 ± 6.1  [187.8-223.9]  dB re µPa 

ICI  160.1  ± 102.6 [9.9-763.0]  331.4 ± 88.8 [220.1-471.3]   30.8   ± 13.1 [11.5-85.7]  ms 

Fc   84.3   ± 15.9  [17.7-119.2]   87.4  ± 14.5  [52.8-103.6]   87.4   ± 12.0  [33.1-115.9]  kHz 

Fp   84.9   ± 32.3  [8.4-146.8]   95.9  ± 32.9  [38.3-132.8]   90.8   ± 30.1  [31.5-132.2]  kHz 

BWrms   32.5   ± 4.8   [7.4-53.3]   31.3  ± 4.7   [22.8-39.5]   31.9   ± 4.2   [9.3-38.5]  kHz 

SNR   24.9   ± 5.2   [7.1-36.2]   23.7  ± 4.3   [16.8-30.5]   22.9   ± 4.8   [10.6-39.5]  dB 

Range 112.9   ± 95.8  [1.3-386.0] 85.9  ± 90.4  [15.7-361.0] 196.8   ± 58.3  [7.5-323.1]  m 

N 463 12 81   

  SOUNDTRAP (MANUALLY SELECTED CLICK PACKETS)   

  All regular clicks 1st packet click Last packet clicks Units 

SLpp   179.1 ± 15.8  [126.2-225.0]  202.2 ± 11.5  [157.4-222.8]   204.4 ± 11.3  [157.1-223.9]  dB re µPa 

ICI  166.0  ± 539.0 [1.7-17947.6]  560.5 ± 786.3 [49.3-8617.6]   31.9   ± 13.8 [10.6-113.8]  ms 

Fc   55.5   ± 21.9  [11.8-196.5]   70.6  ± 20.1  [21.0-109.4]   72.4   ± 20.4  [23.0-115.9]  kHz 

Fp   45.3   ± 28.7  [8.4-203.6]   64.2  ± 29.7  [14.6-133.9]   66.4   ± 31.6  [14.6-200.3]  kHz 

BWrms   28.8   ± 9.5   [5.0-85.7]   29.1  ± 7.2   [9.4-62.9]   29.3   ± 6.9   [9.3-82.0]  kHz 

SNR   19.1   ± 6.5   [6.0-37.6]   20.2  ± 5.7   [6.1-35.3]   20.4   ± 5.5   [6.1-39.5]  dB 

Range   72.8   ± 85.6  [1.0-402.3] 208.4  ± 73.1  [2.8-369.6] 217.0   ± 70.9  [2.7-369.5]  m 

N   11812 534 1244 
 

  All regular clicks (on-axis) 1st packet click (on-axis) Last packet clicks (on-axis) Units 

SLpp  200.3 ± 12.0  [153.8-225.0]  211.1 ± 5.5  [197.7-220.2]  211.4 ± 5.7  [187.8-223.9]  dB re µPa 

ICI  161.1 ± 103.9 [9.9-763.0]  270.8 ± 88.1 [158.5-465.9]   30.9  ± 12.1 [11.5-69.7]  ms 

Fc   84.1  ± 16.1  [17.7-119.2]   91.7  ± 8.1  [72.9-103.6]   86.8  ± 12.3  [33.1-115.9]  kHz 

Fp   84.7  ± 32.4  [8.4-146.8] 102.9  ± 25.6  [54.0-132.8]   89.2  ± 30.3  [31.5-132.2]  kHz 

BWrms   32.4  ± 4.8   [7.4-53.3]   33.3  ± 3.5   [27.9-39.6]   31.9  ± 4.3   [9.3-38.5]  kHz 
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SNR   24.9  ± 5.1   [7.1-36.2]   25.0  ± 5.2   [14.9-31.3]   22.8  ± 4.7   [10.6-39.5]  dB 

Range 111.5  ± 96.1  [1.3-386.0] 160.1  ± 77.1  [16.3-361.0] 200.0  ± 56.8  [7.5-323.6]  m 

N 452 19 85   

 

 652 

 

Figure S1 Source level (SL) as a function of range for the 16,381 click detections made in total in the 654 

SoundTrap recordings. The clipping level (peak) plus estimated transmission loss is shown as the 

upper dashed line. Because click detection in the SoundTrap recordings involved manual inspection, 656 

the plotted detection threshold (lower dashed line) is only an approximation based on the apparent 

lower boundary of the SL distribution. The absorption loss coefficient of 0.03 dB/m is estimated using 658 

an assumed frequency of 80 kHz, 15°C water temperature, 0 km depth, 35 ppm salinity, and a pH of 

8 following Ainslie and McColm (1998). Because clicks could be detected for SLs above ~168 dB 660 

re. 1 µPa (pp) at 400 m, and most on-axis clicks were found to have SLs larger than ~200 dB re. 1 

µPa (pp) at long ranges (Figure 3), an additional threshold increase caused by selecting on-axis clicks 662 

only when 5 or more clicks were present in a 5-s window would require apparent SL dynamics 

between each on-axis click and the two nearest clicks on either side of more than ~30 dB, which was 664 

most often not the case. 
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Abstract  2 

For echolocating toothed whales the combination of varying ranges and target sizes means that received 

echo levels for a constant source level may fluctuate by more than a 100 dB. This greatly exceeds the 4 

functional dynamic range of the auditory system, impeding acute echo processing required for 

successful biosonar-guided prey interception. Toothed whales seem to solve that problem by employing 6 

range dependent 20log(R) automatic gain control (AGC) on both the transmitting and receiving side 

apparently to stabilize perceived echo levels, but the sensory motor drivers for transmission side AGC 8 

are not understood. Here we trained two harbor porpoises to actively intercept targets of different sizes 

to test the hypothesis that they employ closed loop vocal motor control where click outputs are adjusted 10 

to the level and delay of each preceding target echo. We show that SLs are reduced logarithmically with 

range in a manner that is independent of target size, and that porpoises therefore do not seek to stabilize 12 

echo levels in the auditory system, but instead stabilize received levels at the target. We conclude that 

output level adjustments in the porpoise biosonar system are closed loop regulated to range in order to 14 

reduce echo level fluctuations to a functional dynamic range in the auditory system, allowing for 

extraction of information on size and movements of prey targets.   16 
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Introduction 

Echolocating toothed whales probe their environment actively with powerful clicks and perform 18 

auditory processing of weak echoes returning milliseconds later to locate, approach and capture mobile 

small prey under conditions of poor lighting (Au, 1993). Inherently, echolocating whales only receive 20 

information when they emit sound, meaning that they control the information flow by the rate, type and 

direction of the sounds they produce as well as by adjusting the sensitivity of their hearing. These 22 

parameters directly influence the temporal resolution and spatial extent of their acoustic field of view, 

enabling dynamic control of attention in response to environmental complexity and behavioral 24 

objectives (Wisniewska et al., 2016). Extraction of such complex information from echo cues is 

challenged by a high transmission loss, and that small prey targets with poor backscattering properties 26 

must be detected and tracked in a constantly changing actively generated auditory scene as the 

echolocating whale swims through and ensonifies heterogeneous underwater habitats. Because toothed 28 

whales can echolocate prey targets over tens to hundreds of meters (Madsen et al., 2007), the returning 

echo levels may for the same source level vary by more than a 100 dB depending on the range and the 30 

target strength of the ensonified prey item (Supin and Nachtigall, 2013). Such fluctuations in echo level 

may exceed the functional dynamic range of the auditory, calling for mechanisms to reduce such 32 

fluctuations in sensory input (Supin et al., 2010). 

In man-made sonars the problem of limited dynamic range is solved by employing a time varying gain 34 

control on the receiving side in which the receiving gain is increased as a function of delay after pulse 

emission. The resulting automatic gain control (AGC) may then either compensate fully (40log(R)) or 36 

for half of the two-way transmission loss (20log(R)) over the range, R, in meters to the target 

(MacLennan and Simmonds, 1992). Similar mechanisms have been uncovered in both echolocating bats 38 

and toothed whales that not only seem to adjust on the receiving side but also on the transmission side 

of their biosonar systems. Bats employ receiving side AGC (Suga and Jen, 1975; Kick and Simmons, 1984) 40 

via a stapedial reflex (Henson et al., 1965) and more central mechanisms to render either partial 

(Hartley 1992) or full compensation for the transmission loss (Simmons et al., 1992). On the 42 

transmission side, the studied echolocating bat species use a 10 to 20log(R) reduction in source levels 

(Boonman and Jones, 2002; Hiryu et al., 2007) that in concert with the receiving side AGC serve to 44 

stabilize perceived echo levels in a much smaller dynamic range presumably facilitating high fidelity 

auditory processing (Neuweiler 1990). 46 

The last decade of research has revealed that toothed whales employ different mechanisms to seemingly 

achieve the same effect of stabilizing perceived echo levels when echolocating. On the receiving side, 48 

they employ a 20log(R) AGC, not via a stapedial reflex (Schroder et al., 2017), but via forward masking 
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evoked by the loud outgoing clicks that may be augmented by efferent auditory feedback under 50 

cognitive control (Supin and Nachtigall, 2013). This improvement in hearing threshold takes place over 

the first 30 ms after click emission, corresponding to a target range of some 20 meters, after which the 52 

hearing threshold seems to be stable in porpoises (Linnenschmidt et al., 2012a) or decreasing at a 

slower rate out to a range of some 80 meters for delphinids (Finneran et al., 2013). The concept of 54 

transmission side AGC was first reported by Rasmussen et al. (2002) and since elaborated on by Au and 

Benoit-Bird (2003) in a much cited Nature paper, where they reported that several toothed whales in 56 

the wild adjust their biosonars in a 20log(R) fashion to hydrophone arrays. Such transmission side AGC 

has since been reported from a large number of field studies (see Fenton et al., 2014 for a review) 58 

suggesting that range dependent adjustments in output levels is common at least among smaller toothed 

whales. However, some field studies suffer from the potential problems of thresholding and clipping 60 

that both tend to bias the calculated source levels as a function of range towards a 20log(R) dependence 

(Ladegaard et al., 2017). Nevertheless, when accounting for such errors, both recent field and lab studies 62 

show that smaller toothed whales rapidly adjust their biosonar outputs to the actual or expected echo 

delays to form a transmission side AGC (Finneran 2013; Jensen et al., 2009; Kloepper et al., 2014; 64 

Ladegaard et al., 2015; Linneschmidt et al., 2012b; Wisniewska et al., 2012).   

The current understanding therefore is that echolocating toothed whales, like bats, employ a 66 

combination of receiving and transmission side AGC that serves to stabilize perceived echo levels by 

each providing around 6 dB reduction per distance halved (Nachtigall and Supin 2013). At first glance, 68 

this dual AGC model is attractive in that it ensures the maximum number of recruitable auditory neurons 

to be available for echo processing, irrespective of target range, allowing the whale to extract the most 70 

possible information about target properties. Such closed loop feedback where outputs are constantly 

adjusted according to each incoming echo level is difficult to reconcile with the pneumatic capacitor 72 

model, which proposes that SL changes are due to changes in interclick interval (ICI) afjusted to target 

range (Au and Benoit-Bird, 2003; Beedholm and Miller, 2007). Under this theory, adjustments in ICI to 74 

the two way travel time to the target of interest not only drives SL and thereby the transmission side 

AGC, but also the degree of forward masking and hence the receiving side AGC; gain adjustments are 76 

driven only by echo delays and not by echo levels. If so, this would result in perceived echo levels that 

are indeed stable over the ranges where AGC takes place, but only for the same target strength (TS). 78 

Recent data suggest that echolocating dolphins have cognitive control over SL in anticipation of range 

(Kloepper et al., 2014), but as ICI is also adjusted to anticipated range, the SL control could again just be 80 

a passive consequence of ICI choice.  Thus there is ambiguity in the underlying mechanism for SL control 

that raises questions regarding the objective and function of this control. 82 
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Echolocating toothed whales ensonify a large number of targets that may vary several orders of 

magnitude in TS. If their AGC is only driven by echo delay, the perceived echo levels will not be constant 84 

but, rather be offset by the difference in TS of the targets of interest and thereby likewise vary by orders 

of magnitude. Alternatively, toothed whales may be hypothesized to stabilize perceived echo levels 86 

completely by adjusting hearing sensitivity and SLs not only to echo delays but also to echo levels. It is 

thus clear that it remains to be tested how and to what cues echolocating toothed whales adjust their 88 

output levels. This lack of understanding likely stems from the large gap between rigidly controlled 

experiments, whereby a stationary toothed whale echolocates on a stationary object with a fixed TS, and 90 

more ecologically relevant scenarios in the wild, where toothed whales actively approach a moving 

target of interest which in turn are under no experimental control.  92 

In an attempt to bridge that gap and understand the drivers of SL adjustment in echolocating toothed 

whales we here designed an experiment using two blindfolded porpoises trained to actively approach 94 

targets of different sizes while echolocating. Specifically we test the hypothesis that they employ closed 

loop vocal motor control where click outputs are adjusted to the level and delay of preceding target 96 

echoes. We show that SLs are reduced logarithmically with range independent of target size, and that 

SL adjustment in porpoises does not serve to stabilize echo levels in the auditory system, but rather 98 

received levels at the target. We conclude that output level adjustments in the porpoise biosonar system 

are closed-loop regulated to range in order to reduce echo level fluctuations to a functional dynamic 100 

range in the auditory system allowing for extraction of information on the size and movements of prey 

targets. 102 

Materials and methods 

Two harbor porpoises (Freja, 24 years old, Sif, 16 years old) were trained to approach either of three 104 

spherical aluminum targets of different sizes while echolocating over a range of 10 meters (figure 1). 

The animals were bridged with a whistle when they touched the target with their rostrum and received 106 

a fish reward when returned to the trainer. The porpoises wore a d3 Dtag (https://www.soundtags.org) 

positioned behind their blowholes, to record outgoing clicks and returning echoes. They were also 108 

equipped with opaque suction cups over their eyes to prevent them from using visual cues. The Dtag 

sampled stereo sound at 500 kHz, 16 bit, with a flat (±2 dB) frequency response from 0.5 to 150 kHz. 110 

The three aluminum spheres had diameters of 2.54, 7.62, 18.0 cm, rendering targets strengths (TS) of -

44, -34 and -27 dB and only one sized target was used in each trial. Each target was suspended from a 112 

1mm monofilament line, with one receiving and one sweep-emitting hydrophone positioned directly 

above the target. Both hydrophones were custom made from a small cylindrical piezo-ceramic element 114 

having a calibrated receiving sensitivity of -211 (±2dB) dB re 1V/µPa and a calibrated transmitting 
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sensitivity of 130 dB (±4dB) re µPa/1V in the frequency range from 100 to 150 kHz. The signal from the 116 

receiving hydrophone was amplified by 40 dB and band pass filtered between 1 and 180 kHz (1 and 4 

pole respectively) before being digitized at 500 kHz, 16 bit, using one ADC channel of an National 118 

Instruments (NI, Houston, Tx) multifunction device, (NI USB-6356) and custom LABView software.  

One DAC channel of the same device was used to transmit synchronization signals at a SL of 120 dB re 120 

µPa (pp) which consisted of 100 µsec long sweeps from 180 to 220 kHz, well above the porpoise 

auditory threshold (Kastelein et al., 2002). During each trial, a fixed file containing the sweeps was 122 

played. The sweeps started when the porpoise left the trainer and started the approach towards the 

target, and occurred with inter-sweep interval reducing from 1 second to 100 ms that started. The 124 

combination of recording the sweeps with unique time intervals on both the Dtag and on the target 

sphere, as well as recordings of the outgoing clicks from the porpoise on the tag as well as on the target, 126 

allowed for accurate range estimation at each click emission.  

The Dtag recorded continuously for the duration of one to two sessions, each comprising 5-20 trials with 128 

one or two animals. Receiving and transmitting data from the hydrophones were stored on the same 

sound card, along with time-stamps of the starts and finishes of each trial (duration ~10 seconds each). 130 

To tightly synchronize these data files with the continuous Dtag data, we first performed a rough 

identification of the relevant sequences in the Dtag recordings using a down-sampled overlap-and-add 132 

(Hayes, 1999) cross-correlation between the synchronization up-sweep and the Dtag recording. Once a 

trial recording had been matched to the onset of the recorded up-sweeps within the Dtag data, the first 134 

synch sweep sample on the tag could be coupled to onset of the relevant trial. For the subsequent 

detailed analysis of each trial, this coupling was sufficiently tight to allow for the relevant data chunks 136 

from the tag data to be identified and used in the analysis together with the record of the trial data 

recorded on the target. 138 

Once this coupling between the relevant tag data segment and the target hydrophone data was 

established, tighter synchronization was achieved by means of a cross-correlation between the 140 

envelopes of the cross-correlations between the synch signal and each of the sequences, tag and target 

hydrophone. The fact that we used a changing delay between the chirps during trials greatly facilitated 142 

this step, and there was thus never any ambiguity concerning the identity of the individual sweeps on 

the tag as compared to the sweeps on the direct recordings. In order to establish the delay, and therefore 144 

the range (R), between the animal and the target at the points in time where the sweeps occurred during 

the recording, the individual sweeps as recorded on tag and target were cross-correlated and the delay 146 

between the two instances was established. Since all trials that were included in the analysis ended with 

the porpoise touching the target with its rostrum, the last delay values in a trial were defined as zero 148 
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and the other values were referenced to this. The delay value at any point in time during the trial where 

a click was detected was then found by simple linear interpolation between the points in time where the 150 

position was known exactly. The swimming speed of less than 2 m/s and the high sweep rate rendered 

in combination accurate range estimation for each click. 152 

Clicks on the target hydrophone were detected by a band-pass filtered version of the record in the range 

of 100-160kHz using a detection threshold of 126 dB re. 1µPa peak, received level. To isolate on-axis 154 

clicks for SL estimation, we used the peaks of the scans that the animals made across the target during 

approach. This was done by first conducting a linear interpolation (at 2 ms intervals) to create a time-156 

series of the relationship of signal amplitude with range . The interpolated data were then low-pass 

filtered using a steep FFT filter with a cut-off of 1.5 Hz using scan rates from Wisniewska et al. (2012). 158 

The data point with the peak amplitude within a scan closest in time to the positive peaks in the 

interpolated data were then included in the data set for that trial. The time between successive peaks 160 

points of each scan was large enough that the click amplitudes of each of the selected data points  could 

be considered independent. The received level (RL) of each on-axis click per these criteria on the target 162 

was computed as the peak-peak level, corrected for the clip level of the recording chain (177 dB re µPa). 

The SL for each estimated on-axis click was then calculated by adding the spherical transmission loss 164 

over the range, R, in meters. Inter click intervals (ICI) were measured as the delay between the peak of 

each click and the peak of the preceding click.  166 

Results  

We conducted three sessions for each target size and animal consisting of 10 sends towards each target. 168 

The two first and two last sends in each session were warm ups and cool downs without using 

blindfolding suction cups, leaving 18 sends in total for each target size per blindfolded porpoise. A 170 

minimum of 10 of these for each target and animal contained clean recordings with all systems working, 

and we therefore proceeded to select the first 10 sends where those criteria were met for each target 172 

size and animal for further analysis.  

All sends were characterized by ICIs starting around 50 ms that would on average drop towards 20-30 174 

ms as the animals approached the target (figure 1 and 2, table 1). There is thus a significant correlation 

between ICI and range (F170,170, P<0.01), however no more than 38-43 % of the variation in ICI is 176 

explained by range (Fig. 2). At ranges of between 0.5 and 1 m both animals would switch to a buzz 

consisting of ICIs down to 2 ms and a 10-20 dB drop in SL. Buzzing is therefore a dramatic gaze change 178 

that is a very different biosonar behavior compared to the approach phase (Griffin 1958), leading us to 

exclude all data with ICIs lower than 15 ms (sensu Wisniewska et al., 2012) from further analysis. The 180 

animals would use on average some 130-250 clicks during the approach phase and some 2-8% of those 
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had the beam pointed directly at the target, rendering on average some 6 estimated on-axis clicks per 182 

approach (table 1). 

The derived SLs from these on-axis clicks had similar distributions around medians of some 172-178 184 

dB re 1uPa (pp), but with a significant reduction in SL with range for all targets and animals. Range 

explain between 62 and 84 % of the variation (figure 2) in SL, highlighting substantial scatter in SL for 186 

the same range of up to 10 dB. Linear regression on log transformed ranges versus SL rendered slopes 

between 15 and 22 dB per decade R (figure 2, table 1).  188 

To test the hypothesis that SL is not only driven by range, but also by received echo levels, we proceeded 

to test if there was an offset in SL distribution that would match the off-set in TS for each animal. A 190 

Kruskal-Wallis based Anova (MatLab, 2016a) did report significant, but small differences in median 

values between source levels acquired during approaches to the three different targets for each animal. 192 

However, there was no systematic relationship with the independent parameter (TS): Using median 

values of each approach as data points resulted in 10 independent SL estimates for each TS for each 194 

animal. All such data series passed the Jarque-Bera test of normality. We therefore used an F-test (F29,,29) 

on the residual variation in a linear regression statistics between median (approach) SL revealing a 196 

minimum p-value for the significance of the relationship of p<0.8 and 0.6 for the two individual animals 

(F-values 1.2 and 1.1). Thus, there is no effect of TS on the SLs used by the animals. 198 

The test the hypothesis that the SL is a consequence of different actuation rates of a pneumatic capacitor, 

we proceeded to test if SL variation was explained by ICI. There was a significant correlation (F170,170, 200 

P=0.04) between SL and ICI for both animals and some 37 % of the variation in SL was explained by ICI. 

 202 

Animal Sif Freja 
Condition Small Medium Large Small Medium Large 

TS -44 -34 -28 -44 -34 -28 
Number of trials 10 10 10 10 10 10 

Clicks per trial, mean (std)  
range 

223.9(26.6
) 

[182  270] 

136.5(46.9) 
[61  182] 

131.1(43.7) 
[85  242] 

204(23.8) 
[165  238] 

214.1(25.6) 
[175  246] 

194.8(20.6
) 

[154  222] 
On-axis clicks/trial (mean, range, 

std) 
6.1(1.5) 

[4  8] 
5.9(1.4) 

[4  9] 
5.8(1.3) 

[4  8] 
6.1(0.9) 

[5  8] 
5.9(1.7) 

[2  8] 
6.1(1.3) 

[4  8] 
SLpp, median (iqr) 177.9 (3.9) 174.1 (7) 171.5 (7.1) 175.6 (5.7) 172.9 (5.6) 177.9 (3.9) 

Mean SL all data, slope  
and intersect   

14.9 
163.6 

19.7 
160.2 

17.3 
159.9 

15.6 
165 

14.7 
162.8 

21.6 
163.6 

Mean (std )of individual trial slopes  
intersects 

15.3(3.7) 
 163.6(3) 

19.9(7) 
 160.3(4.9) 

18.4(3.1) 
 159.3(2.3) 

16.4(6.9) 
 164.7(5.3) 

13.6(6.8) 
 163.5(4.7) 

23(8.9) 
 163.3(5) 

Log ICI vs Log10 R slope  
and intersect 

0.487 
1.339 

0.285 
1.537 

0.53 
1.394 

0.158 
1.635 

0.194 
1.597 

0.387 
1.437 

Table 1 
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Figure 1 

Example of approach to a medium sized target by Sif. A) Peak pressure envelopes of the clicks as received 206 

on the target. Peaks in received level show scans of the sonar beam across the target. Red dotted line show 

start of buzz as defined a drop in ICI below 15 ms.  Note how received levels stay within 6 dB of each other 208 

despite a one-way transmission difference of 18 dB, showing that the animal reduced SL with range. B) 

Spectrogram of clicks during the same approach as recorded on the back of the animal, showing that the 210 

energy is centered between 100-150 kHz. Note the high frequency synchronization sweeps between 180 

and 220 kHz. C) Echogram as derived from clicks and returning echoes on the tag. Note how target echo 212 

levels increase when the animal scans across the target as seen by the RLs in panel A). Hand-off distance 

between approach phase and buzz phase in this case is 0.8 meter.  214 
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Figure 2 216 

A-C (Sif) and E-G (Freja) show combined SL data as a function of range for the three different targets. Blue 

lines show best regression fit, and each data point is color-coded according to ICI. D and H show SL 218 

distributions for the three target sizes. (Blue: -44, Red: -34 and Yellow: -28) I) shows SL as a function of ICI 

(Sif, blue and Freja, red). J) shows ICI as a function of range (Sif, blue and Freja, red).   220 
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Discussion 

Here we sought to investigate the drivers of range dependent adjustments in SL for echolocating 222 

porpoises by testing the hypothesis that transmission side AGC in concert with receiving side AGC serve 

to provide a constant perceived echo level independent of range and targets (sensu Supin and Nachtigall, 224 

2013; Kloepper et al., 2014). Specifically we asked whether transmission side AGC is defined passively 

by ICI adjustments to range or adjusted actively to received echo levels. Previous experiment on both 226 

stationed porpoises (Linnenschmidt et al., 2012b) and dolphins (Finneran 2013; Kloepper et al., 2014) 

show that they reduce their SL in an approximate 20log(R) manner when the same sized target is moved 228 

between different ranges, and that the animals adjust their SL in anticipation of a particular range, 

suggesting some form of cognitive control (Kloepper et al., 2014). While these experiments are highly 230 

instructive due to the degree of experimental control, they suffer from the problem that they do not 

address the situation faced by toothed whales echolocating in the setting that their biosonars evolved 232 

for; to guide motor patterns during active target interception. That problem was somewhat handled by 

Wisniewska et al., (2012) who studied echolocation outputs of porpoises during active two-forced 234 

choice tasks. SLs collected as a function of range over 5m target approaches also rendered a 

transmission side AGC close to 20log(R) (Wisniewska et al., 2012).  236 

None of these studies suffer from the many pitfalls that may erroneously lead to conclusions of  20log(R) 

transmission side AGC in field studies (see Ladegaard et al., 2017); porpoises and dolphins do reduce SL 238 

with range to the target. However, currently it is unknown if the observed transmission side AGC is a 

passive consequence of ICIs adjusted to reducing echo delays with range or if it in fact actually serve to 240 

stabilize echo levels by also adjusting SL to the returning echo levels. Here we conducted an experiment 

to alleviate that pertinent data gap by having two echolocating porpoises actively approach different 242 

sized targets with targets strength differing by up to 16 dB over the course of an approach range 

rendering a two-way transmission loss of 40 dB. We confirm that porpoises do employ a transmission 244 

side AGC by reducing their SL with range in a logarithmic fashion varying from 15 to 21log(R) (figure 

2). This range compensation is comparable to, but slightly lower than, adjustments observed for the 246 

same animals in previous studies by Linnenschmidt et al., (2012b) and Wisniewska et al., (2012), which 

in combination with a 20log(R) hearing side AGC implies that the perceived echo level on average for 248 

the same target, all other things equal, are up to 2 times (6 dB) higher at 1m compared to 10m.  

If the porpoises as hypothesized seek to stabilize perceived echo levels they must not only employ a 250 

combined 40log(R) AGC on the receiving and transmission sides but also modulate either or both 

according to the TS of the target of interest. Given that hearing AGC seems to be mostly explained by 252 

forward masking (Supin and Nachtigall, 2013) and therefore related to both the echo delay to and SL of 
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the outgoing click, we surmise that a stabilization of perceived echo level should mainly manifest itself 254 

in the SL distribution according to changes in TS over the 16 dB range used here. We do not find such 

differences, and the hypothesis that echolocating porpoises adjust SL to the TS of the target they 256 

ensonify is therefore unsupported. Similar lack of SL to TS relationship for the same short range has 

been shown for stationed bottlenose dolphins in a phantom target experiment (Finneran 2013), making 258 

us propose that toothed whales in general may primarily adjust SLs to echo delay and not to TS. 

The consequence of that is that the received echo levels on average for the same range at least differ by 260 

the substantial 16 dB difference in TS of the targets ensonified. It follows that unless our echolocating 

porpoises by some unknown mechanism can modulate their hearing sensitivity by 16 dB for the same 262 

SL and delay window, the sensation levels of echoes will also vary by at least 16 dB. Such variation is 

further compounded by the substantial scatter in SL over more than 10 dB for the same range and TS 264 

(figure 2) to render a combined range of received echo levels in this experiment from some 90 to 130 

dB re 1µPa. Thus, received echo levels at the auditory system during this experiment varied by more 266 

than 40 dB, and while hearing side AGC may accommodate up to 20 dB of that for the ranges considered 

here (Linnenschmidt et al., 2012a), it still means that perceived echo levels vary by at least an order of 268 

magnitude in echolocating porpoises. This effect is then further compounded by the fact that the animals 

very likely also use the echo information from some of the many clicks pointed slightly off-axis (figure 270 

2), resulting in lower ELs for the same range and TS, and hence more scatter in perceived echo levels. 

We therefore conclude that transmission and hearing side AGC mechanisms do not in combination 272 

achieve a stabilization of perceived echo levels (Supin and Nachtigall, 2013), but they do bring them into 

a  dynamic range of less than 40 dB that allows for high fidelity auditory processing in the auditory 274 

system (Neuweiler 1990; Moss and Schnitzler, 1995). 

Similar findings have been made for bats that also adjust SLs to range but not to TS (Boonman and Jones, 276 

2002; Koblitz et al., 2011), and therefore also experience substantial dynamics in perceived echo levels 

despite both hearing and transmission side AGC. It therefore appears from the limited data available 278 

that echolocating animals at large seek to ensonify their targets at relatively stable levels. Such a  

strategy may confer some advantages in that differences in perceived echo levels for a certain delay 280 

window will provide a measure of target TS (Simmons et al., 1992), and any changes in TS, possibly 

reflecting evasive prey maneuvers, will manifest themselves in the perceived echo levels. Conversely, IF 282 

echolocating animals would try to adjust their SLs not only to target range, but also to the instantaneous 

echo level in order to keep perceived echo levels constant, it would require a very tight sensory-motor 284 

feedback loop relying both delay and level information from each echo. That in turn begs the question 

of how the sensory-motor feedback loop of echolocating animals actually operates? The lack of 286 

adjustment to TS made Boonman and Jones (2004) propose that bat SLs do not rely on feedback 
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information; a so-called open loop motor system where SLs, once a target range has been established, is 288 

reduced in a time dependent manner during approach independent of subsequent echo information. To 

our knowledge, little evidence exists to speak firmly for or against this very simple model for SL-range 290 

adjustments in both bats and toothed whales. 

In our experiment, the blindfolded porpoises were very familiar with the approach to the targets that 292 

where always placed in the same position with respect to the starting point of the porpoises. It is 

therefore likely that the transmission side AGC observed here is the result of the porpoises knowing the 294 

task and as proposed by Kloepper et al., (2014), they may execute a vocal-motor program in accordance 

with such spatial memory and known swimming speeds. In that sense, the observed TS-independent 296 

transmission side AGC may be explained by a simple open loop sensory-motor system. On the other 

hand, the animals do scan other parts of the pool while approaching the targets and yet they quickly 298 

redial ICIs and SLs to the range in question when scanning back at the target where they update on 

target range. This argument is further strengthened by the observation that both stationed porpoises 300 

and dolphins quickly adjust their ICIs and SLs to changing target ranges. This shows that they do use 

some form of closed loop motor-control at least based on the echo delay. A prevailing theory in that 302 

context is that it is only the ICIs that are adjusted to range as gauged by click-echo delays, and that the 

SL of echolocating toothed whales is a passive consequence of different actuation rates of a sound 304 

production system operating as a pneumatic capacitor (Au and Benoit-Bird, 2003; Beedholm and Miller, 

2007). Here we find a correlation between ICI and range (figure 2) similar to those in previous studies 306 

of porpoises (Vervuss et al., 2009; DeRuiter et al., 2009, Wisniewska et al., 2012). However, while the 

ICI variation explains some 40% of the variation in SL (figure 2), there is substantial scatter of up to 20 308 

dB in SL for the same ICI values showing that the SL is not hardwired to the actuation rate. Thus, while 

a pneumatic capacitor may account for some of the SL variation with range via ICI in a transmission side 310 

AGC of echolocating porpoises, the SLs are sensu Finneran (2013) for dolphins not merely passive 

consequences of ICI adjustments to range as previously claimed (Au and Benoit-Bird, 2003; Beedholm 312 

and Miller, 2007).  

In conclusion, we find that echolocating porpoises do adjust their SLs logarithmically to range, but that 314 

they do not adjust their SLs to TS of their targets. We therefore conclude that hearing and transmission 

side AGC do not render stable perceived echo levels, but rather perceived levels that are proportional to 316 

target strength for a given delay window. These findings are in line with the limited evidence available 

from echolocating bats suggesting that echolocating animals use AGC mechanisms to bring perceived 318 

echo levels into a dynamic range of the auditory system that allow for high fidelity echo processing 

(Moss and Schnitzler, 1995). They do therefore not derive information about target strength from how 320 

their SLs must be adjusted to keep perceived echo levels constant, but rather by how loud the returning 
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echoes are. SL variation is only poorly explained by ICI, and we therefore conclude that transmission 322 

side AGC in toothed whales is not governed by a pneumatic capacitor, but rather by a form of closed loop 

sensory-motor feedback primarily based on echo delays. 324 
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Summary 

Toothed whales are apex predators varying in size from 40-kg porpoises to 50-ton sperm whales. 2 

They have adapted to forage in a diverse suite of foraging niches from shallow rivers to the deep 

sea, targeting prey ranging in size from sprat to giant squid. Common for them is that they navigate 4 

and forage by emitting high-amplitude ultrasonic clicks and listening for returning echoes in a 

process known as echolocation. The physical properties of these clicks and the rate at which they 6 

are produced vary greatly between the 75 species of toothed whales, yet surprisingly little is known 

about the evolutionary and functional drivers of such differences. Here we analyze a large dataset 8 

of field recordings from 40 species, including porpoises, delphinids, river dolphins, beaked whales, 

and sperm whales. We show that the radiated power of clicks increases steeply with body mass (P 10 

∝ M1.5) due to hyperallometric investment into sound production structures, so that larger, deep-

diving species have evolved longer range biosonars to search efficiently for distant mesopelagic 12 

prey compared to smaller, shallow-water species. Biosonar frequency scales inversely with body 

size from 15 kHz in sperm whales to 130 kHz in porpoises to provide remarkably stable emission 14 

directivity across two orders of magnitude in size of head apertures. We propose that such a narrow 

acoustic field of view is the primary evolutionary driver of click frequencies in echolocating 16 

toothed whales, formed to reduce clutter levels and facilitate detection, discrimination and 

interception of small prey items. 18 

 

Keywords 20 
Echolocation, whales, evolution, body size, scaling, foraging, ecology, directivity, field of view  
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Results and discussion 22 

Toothed whales and bats, making up one-quarter of all species of mammals, navigate and 

find prey using echolocation [1] in a process where they emit high-intensity acoustic signals 24 

and listen for returning echoes [2, 3]. They include roughly 75 species of apex predators that 

have adapted to a highly diverse set of feeding niches ranging from flooded forests and river 26 

systems to mesopelagic depths of the deep ocean. Toothed whales are unique in that they 

depend on a pneumatic sound generator in their nasal passages to generate ultrasonic 28 

echolocation signals [4, 5], including the most intense acoustic signals found in animals [6]. 

Morphological features associated with biosonar sound production can be tracked 30 

throughout the fossil record and suggests that biosonar may have evolved shortly after the 

split between toothed and baleen whales some 32 mya [7]. Although it is debated whether 32 

high-frequency hearing or echolocation evolved first [8-10], it is clear that structural changes 

of middle [11] and inner ears [12] were essential for successful echolocation. Furthermore, 34 

there is both paleontological and genetic evidence that evolution of ultrasonic hearing 

occurred rapidly at the base of the toothed whale radiation [13, 14].  36 

 

While the origin of toothed whale echolocation is reasonably clear, the diversification of 38 

toothed whale biosonar clicks and its consequences for sonar performance in different 

foraging niches have received much less attention. Extant toothed whales use four types of 40 

biosonar search clicks: Physeteriidae produce broadband clicks that reverberate within the 

head of the sperm whale to produce a multi-pulsed (MP) click, but where the functional part 42 

of the biosonar signal is still essentially a single pulse [6]. Ziphiidae produce frequency-

modulated (FM) clicks [15, 16]. Most delphinoids and river dolphins rely on a simple 44 

broadband (BB) click [17], whereas porpoises, franciscana dolphin, pygmy and dwarf sperm 

whales, and six species from the Sagmatius and Cephalorhyncus genera generate 46 

narrowband high-frequency (NBHF) clicks [18-20] (Fig. 1, Table S1). Despite large-scale 

differences in frequency and bandwidth, it is not understood if the biosonar output of these 48 

aquatic top predators is driven by the physics of sound production or by the ecology of the 

different foraging niches for which their biosonars evolved. From terrestrial animals, it has 50 

been shown that larger animals generally produce communication signals at higher source 

levels [21] and at lower frequencies [22] compared to small animals. Since signal frequency 52 
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affects sound directivity, sound attenuation and the acoustic field of view of echolocating 

predators [23], such traditional scaling laws may work differently for echolocating animals. 54 

Here we therefore seek to test whether similar scaling predictions hold for echolocating 

toothed whales to uncover the evolutionary drivers of biosonar operation.  56 
 

Hyperallometric scaling of sound production structures lead to increasing biosonar 58 

output for large whales 

Toothed whales produce sound using a specialized set of nasal sound generators termed the 60 

phonic lips [4]. Sound production is driven by air pressure in the lower nasal passages set 

up by muscular activation of the nasopharyngeal pouch [5]. The radiated acoustic power is 62 

likely limited by both the muscles responsible for the driving air pressure and by the size of 

the vibrating phonic lips, both of which scale with the size of the animal [5]. If toothed whales 64 

invest a constant fraction of their metabolic energy into sound production, then we expect 

the radiated acoustic power to scale with body mass to the power of ¾ following earlier 66 

studies [21]. In toothed whales, this assumption does not seem to hold: While biosonar 

output scales strongly to body size (Fig. 2A), the radiated acoustic power per click (P, in 68 

Watts) increases twice as steeply with body size as expected from the ¾ power scaling rule 

(P ∝ M1.5; R2=54%, scaling coefficient CI = 0.94:2.1). This has to be a consequence of 70 

hyperallometric growth of sound-producing structures: Most species have two sets of phonic 

lips, where the right pair of phonic lips is typically used for echolocation [24, 25]. Most 72 

delphinids and ziphiids exhibit significant cranial asymmetry [26] with a larger right 

compared to left set of phonic lips [4]. However, porpoises and other NBHF species, that are 74 

generally small, show little to no cranial asymmetry [27] and employ a relatively low peak-

power biosonar [18-20] where they partially compensate for this peak power limit by 76 

producing longer echolocation signals with higher total energy per peak pressure. On the 

other end of the size scale, the sperm whale have a uniquely enlarged nasal complex with 78 

only a single hypertrophied right pair of phonic lips that in turn allows them to produce 

extremely powerful biosonar clicks [6]. This hyperallometric investment in sound 80 

generating structures means that toothed whales as a whole do not abide by the typical 

scaling laws of animal call intensity [21]. 82 
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Biosonar search range increases with body size  

As a consequence of hyperallometric investment in sound production, larger animals greatly 84 

increase their prey detection range and sensory volume under noise-limited conditions [17]. 

Prey detection range can be estimated either through acoustic modelling [28, 29] or by using 86 

biosonar click rates as a proxy for the maximum inspection range [17, 30]. Across toothed 

whales, estimated target detection range, assuming identical prey and spectral noise, 88 

increases from tens of meters for NBHF species up to hundreds of meters for large ziphiids 

and sperm whales (Fig. 2E). While prey species and background noise certainly differ across 90 

species, these increases in detection range are mirrored by systematic differences in 

maximum inspection range of free-ranging animals (Fig. 2F), with larger animals clicking 92 

slower to search for prey at greater distances. The systematic increase in prey detection 

range relative to body length results in larger animals being able to probe a greater volume 94 

of water for prey. This may be extremely important for deep-diving animals that have a long 

transit time from the surface to scattered prey patches at depth, and where foraging 96 

performance and duty cycle depends on the speed with which you start heading in the right 

direction, but may also be important for oceanic delphinids that traverse large distances in 98 

search of patchy prey. Furthermore, given that typical swimming speed is largely 

independent of body size [31], early prey detection also offers considerably more time for 100 

deliberative sensory-motor operations where prey characteristics can be evaluated and 

kinematic strategies chosen to help optimize energetic returns [32]. In contrast, the short 102 

detection range of shallow-water or riverine species is likely an adaptation to habitats where 

reverberation or clutter [33], rather than noise, may limit effective prey detection [34, 35]. 104 

Thus, peak output levels and biosonar sampling rates reflect large-scale sensory adaptations 

to different foraging niches that are themselves tied into the size and hence diving 106 

capabilities of the animal.   
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Inverse scaling of biosonar frequency is driven by narrow acoustic field of view  108 

Large terrestrial animals generally vocalize at lower sound frequencies compared to smaller 

animals [36], and many studies have sought to identify the underlying principles behind such 110 

frequency scaling in animal communication. Following Fletcher et al. (1992), both Bennet-

Clark [37] and Bradbury and Vehrenkamp [36] have taken a sound production perspective. 112 

They argue that call frequency should be inversely proportional to the length, and therefore 

body mass, of the animal (F ∝ M-1/3) since sound production efficiency decreases sharply 114 

when the wavelength of emitted sound becomes larger than the circumference of the sound 

source as previously argued by Fletcher [22]. Fletcher [38, 39] developed a more general 116 

model integrating sound production, propagation, and reception components to estimate the 

sound frequency that maximizes communication range. With this more functional approach, 118 

he concluded that optimum frequency should scale with a slightly steeper power law for 

terrestrial animals (F ∝ M-0.40) and a much steeper power law for aquatic animals (F ∝ M-120 
0.60). Finally, Gillooly and Ophir [21] approached the question from an energetics perspective. 

With the assumption that maximum sound frequency is constrained by the rate of individual 122 

muscle contractions, they concluded that frequency should scale with a lower coefficient (F 

∝ M-0.25) [21], and this has been built upon in several subsequent studies [40, 41]. 124 

 

Our results for toothed whales at first glance lends support to this muscle contraction model 126 

since the power law coefficients are very similar (F ∝ M-0.27; R2=74%, power coefficient CI = 

-0.33:-0.21). However, the biosonar frequencies of toothed whales are 1-2 orders of 128 

magnitude higher than the frequencies of communicating terrestrial mammals [37]. This 

may partly relate to the 4.5 times higher sound speed in water, meaning that efficient sound 130 

pressure radiation requires approximately 4.5 times higher sound frequency for the same 

sound generator size. However, echolocating toothed whales use frequencies that are much 132 

higher than those required for efficient sound production. Furthermore, their clicks are 

produced pneumatically [5], rendering the muscle contraction rate hypothesis unsatisfying. 134 

This then begs the question of what drives the biosonar frequency in toothed whales and the 

clear size-related scaling (Fig. 2).  136 
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A common answer to that question from a sonar perspective is reflectivity of their small prey 

items [42, 43]; to achieve efficient backscatter, the dominant wavelength of the biosonar 138 

pulse should be less than the circumference of the target [44]. In addition, if prey 

discrimination for target selection is required, frequencies must be well above this limit to 140 

generate detailed spectral information about target properties in the returning echo. Given 

that smaller toothed whales in general eat smaller prey than larger toothed whales, it may 142 

be argued that the surprisingly stable acoustic directivity seen across toothed whales of 

different body size (Figure 3) is just a passive consequence of adapting sonar frequencies to 144 

the preferred prey sizes.  

 146 

A strong counter-argument against the prey backscatter hypothesis is that NBHF species 

show no scaling of frequency with size. These four groups of animals have independently 148 

evolved to use NBHF biosonar signals centered around 130 kHz, likely to decrease killer 

whale predation [45, 46]. While small NBHF species use biosonar frequencies close to those 150 

predicted by scaling of frequency with body size (Fig. 3), larger NBHF species use frequencies 

that are much higher than predicted, with no significant within-group frequency scaling (Fig. 152 

3). Yet despite this lack of frequency scaling within these animals, biosonar directivity is 

extremely similar across species and comparable to other groups of odontocetes [18-20]. 154 

Thus, at least in NBHF species, a narrow acoustic field of view does not seem to be a passive 

consequence of improving reflectivity off prey but may be selected for by itself. 156 

 

The evolutionary benefits of a narrow acoustic field of view  158 

The observation that echolocating toothed whales spanning three orders of magnitude in 

body mass have converged on a high transmitting directivity of about 26±2 dB (Fig. 3e) 160 

suggests that the resulting narrow field of view confers direct advantages that can be 

selected for during the evolution of biosonar-based foraging in toothed whales. Several 162 

possible advantages may operate by themselves or in parallel to facilitate this: 

For a power-limited biosonar system, an increase in transmitting directivity results in a 164 

longer and narrower field of view ahead of the echolocating whale (biosonar detection 

hypothesis). This enables longer detection range of individual or patchy prey under 166 
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conditions where ambient noise limits echo detection [28]. A narrow field of view 

simultaneously reduces the generation of unwanted echoes from other objects in the 168 

environment [47] that could otherwise interfere with detection of potential prey (clutter 

reduction hypothesis). This facilitates biosonar operation in acoustically complex areas such 170 

as coastal or riverine environments or in dense pack ice in arctic areas. A narrow field of 

view may also help in locating and tracking prey (prey localization hypothesis). This might 172 

work by acting as a spatial filter since detected prey have to be located within the field of 

view, or by sweeping the steep off-axis pressure gradient over prey to localize them as 174 

proposed for bats [48]. Finally, a high directivity may be especially important for larger 

species since prey detected far away from the direction of travel would require extensive 176 

maneuvering, which in turn is costly and increases the risk of alerting the prey via visual and 

hydrodynamic cues (maneuverability hypothesis). 178 

 

Given these potential benefits, it is reasonable to ask why toothed whales do not have even 180 

narrower fields of view than the observed 5 to 10 degrees beamwidth. Several trade-offs 

may be at work here. First, while a narrower field of view increases source level and on-axis 182 

detection range, the total volume ensonified per click decreases with increasing directivity 

(since V ~ √θ, where θ is the beamwidth of the biosonar). Fortunately, animals can partly 184 

compensate for a narrow beam width through movement behaviors that sequentially scan 

an increasing area, thus gaining the benefit of a long detection range and a large search 186 

volume [49]. Second, a narrower FOV and a corresponding higher SL results in an average 

detection distance, and therefore interception time, that increases with directionality (since 188 

d ~ 1/√θ). Third, a last problem posed by a narrow biosonar beam is the “homicidal 

chauffeur” problem; during close-quarter prey tracking, the prey will only have to make 190 

relatively small excursions perpendicular to the axis of a narrow beam to move out of it and 

hence escape predation, in turn selecting for a wider FOV. To some degree, toothed whales 192 

may have already addressed this problem since both phocoenids [50], iniids [35, 51], and 

delphinids [52] demonstrate significant dynamic control over their field of view by 194 

increasing beamwidth significantly during target approach. Thus, the ultimate cause of the 

selection for a highly preserved field of view across odontocete species is likely a 196 
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complicated trade-off between many aspects of the biosonar-guided predator-prey 

interactions.  198 

 

In conclusion, we have shown that size is an important factor for shaping the biosonar 200 

behaviour and performance of toothed whales but that there is a remarkable convergence 

on highly selective biosonar beams across species. Hyperallometric investment into sound 202 

production organs in toothed whales means that the scaling coefficient of biosonar power to 

body mass is significantly higher than seen for animal communication signals. Consequently, 204 

larger whales can detect prey at a longer range, and they click slower to inspect these more 

distant regions. We argue that inverse biosonar frequency scaling with size, at frequencies 206 

much higher than typical animal communication signals, is driven by the need to maintain a 

highly directional field of view during biosonar-based prey search. An optimal acoustic field 208 

of view, independent of body size, may be a combination of long-range prey detection, prey 

localization and clutter reduction, balanced against an increasingly small ensonified volume 210 

and a risk of prey escape maneuvers taking them outside the biosonar beam. 
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Figure 1: Extant toothed whales have evolved four types of biosonar search clicks  224 

A: Biosonar signal types mapped onto the molecular phylogeny of odontocetes (adapted 

from McGowen et al. 2009). Rectangles, color-coded by biosonar signal type, represent the 226 

ten families of extant toothed whales. B-E: Waveforms of on-axis biosonar search signals for 

four representative species: Physeter macrocephalus (B; red), Ziphius cavirostris (C; blue, 228 

Phocoena phocoena (D; purple) and Tursiops aduncus (E; yellow). F: Normalized power 

spectra corresponding to waveforms. G: The quality factor Qrms (defined as the centroid 230 

frequency divided by the root-mean-square (RMS) bandwidth) vs click centroid frequency 

for on-axis biosonar signals. 232 

 

Figure 2: Biosonar output and detection range increases with body size.  234 

A: Source level in energy flux density (dB re. 1 µPa2s) as a function of body mass for toothed 

whales (see also Table S1), with source level of wild animals measured using acoustic arrays 236 

(insert). Grey lines represent a fitted power law relationship (solid) and 95% confidence 

intervals (CI) (dashed). B-D: Log-power (RMS) vs log-body mass plots with regression lines 238 

(grey solid lines) and 95% confidence intervals (grey dashed lines) for all toothed whales 

(B), only NBHF species (C) and only broadband delphinid species (D). Black line represents 240 

the theoretical P ∝ M3/4 relationship expected for animals that invest a constant fraction of 

metabolic energy into sound generating structures (Gillooly and Ophir 2010). E: Estimated 242 

prey detection range for a noise-limited scenario modelled from biosonar output 

parameters, target properties and background noise using the active sonar equation (SL: 244 

Source level; TL: Transmission loss; TS: Target strength; EL: Echo level; R: Range; Au, 1993) 

(see Supplemental Experimental Procedures). F: Echolocating predators generally process 246 

returning echoes from targets of interest before emitting subsequent clicks since this allows 

for range estimation. A proxy for the maximum inspection range can therefore be estimated 248 

from interclick intervals (listening time), assuming a fixed neural processing time of 20 ms 

(Au, 1993) irrespective of species. G: Estimated target detection range and maximum target 250 

inspection range correspond well to one another. Both proxies show increasing biosonar 

range for larger animals. 252 
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Figure 3: Inverse scaling of biosonar frequency leads to a consistently high directivity 

index of around 26 dB. A: Log-centroid frequency vs log-body mass plots with regression 254 

lines (solid lines) and 95% CI (dashed lines). Inserts show regression analysis on NBHF 

species and broadband delphinid species separately (note the different y-axis limits). B: 256 

Transmitting beam directivity DIT (the difference between on-axis source level and a 

theoretical source level if energy was radiated equally in all directions; see also Table S1) as 258 

a function of body size reveals remarkably similar acoustic field of view across toothed 

whales. Outliers have been indicated with species abbreviation, alphabetically: Dl: 260 

Delphinapterus leucas; Fa: Feresa attenuata; Gm: Globicephala macrorhynchus; Kb: Kogia 

breviceps; Lal: Lagenorhynchus albirostris; Lau: Lagenorhynchus australis; Lo: 262 

Lagenorhynchus obscurus; Md: Mesoplodon densirostris; Oo: Orcinus orca; Pd: Phocoena dalli; 

Pg: Platanista gangetica gangetica; Pm: Physeter macrocephalus; Sl: Stenella longirostris; Ta: 264 

Tursiops aduncus. Right panels: Composite vertical beam pattern (normalized relative to on-

axis sound level) reconstructed from measured DI and representative on-axis clicks for four 266 

representative odontocete species: Physeter macrocephalus (C), Ziphius cavirostris (D), 

Tursiops aduncus (E) and Phocoena phocoena (F). Drawings used with permission by Larry 268 

Foster.  
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Figure 1: Extant toothed whales have evolved four types of biosonar search clicks  
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Figure 2: Biosonar output and detection range increases with body size.  
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Figure 3: Inverse scaling of biosonar frequency leads to a consistently high 

directivity index of around 26 dB.  
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Narrow acoustic field of view drives frequency scaling in toothed whale biosonars 
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Supplementary Methods 

Data collection and synthesis: 2 

Acoustic data: We collected data on acoustic parameters of toothed whale biosonar signals from 45 
different peer-reviewed studies (Suppl. Table 1). Published data covered 40 out of some 75 known 4 
toothed whale species from 10 families. Primary acoustic parameters used for testing scaling predictions 
included the apparent source level (backcalculated to 1 m distance on the acoustic axis) measured as 6 
energy flux density (dB re. 1µPa2s); the centroid frequency (kHz), defined as the mean frequency of the 
power spectrum; and the transmission beam directivity index (DI, in dB), the difference between on-axis 8 
source level and the source level of an omni-directinal source of equal total energy. In addition, key 
variables for signal type clustering included the RMS quality factor Q (defined as the centroid frequency 10 
divided by the RMS bandwidth). We used the mean of reported values rather than extremes to reduce 
the influence of small sample sizes and make comparisons across species more reliable. 12 

Data were preferentially extracted from studies of wild animals, with up to three references per species. 
Priority was given to studies enforcing the strictest on-axis criteria, and studies reporting source 14 
parameters using the same definitions listed in the abbreviations section of Suppl. Table 1. This attempt 
of standardization was chosen to allow for the most reliable interspecies comparison. When source 16 
parameters were only available from studies using alternative source parameter definitions, this was 
emphasized using superscript letters. For studies reporting multiple measures for same species (e.g. same 18 
species in different habitats) or in the case of multiple studies of the same species, the combined means, 
standard deviations, and ranges were calculated. 20 

Output power: As a measure of the biosonar output for each species, we calculated the total radiated 
acoustic power per click P (in Watts, or J/s). We used the mean root-mean-square sound intensity (SLRMS, 22 
in dB re. 1µPa2 at 1m), which is the radiated sound intensity per unit area at a distance of 1m on the 
acoustic axis. Since sounds are directional, we subtracted the transmission beam directivity (DI, in dB) to 24 
get a measure of what the source level would have been for an omni-directional signal with the same 
power. We then divided by the specific acoustic impedance of water to quantify the radiated power per 26 
unit area (Wm-2). We finally calculated the total output power by multiplying by the total surface area of 
a sphere with 1 meter radius. In equation 1, note that the correction 106 is applied to change from the 28 
decibel reference sound intensity in water (µPa2) to SI units of Pa2. 

Eq. 1:     𝑃𝑃 = 4 𝜋𝜋 106 𝑥𝑥 10𝑆𝑆𝑆𝑆𝑅𝑅𝑅𝑅𝑆𝑆−𝐷𝐷𝐷𝐷

𝜌𝜌𝜌𝜌
, [𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑜𝑜𝑜𝑜 𝑊𝑊] 30 

Weight data: We collected approximate data on minimum and maximum reported weight estimates for 
adult species preferentially from Jefferson and colleagues (2011), and supplemented when needed with 32 
data from Arkive.org. For analyses, the mean of the reported extremes was calculated as our best estimate 
of approximate body mass of recorded animals. Since body mass was subsequently log-transformed for 34 
analyses, small errors from disagreeing studies or different body size of measured versus reported animals 
likely have only a small effect on the final results. 36 
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Data analysis: 

Evolutionary innovations in biosonar diversity: BayesTraits? We can add this if we can find the time. 38 

Evaluating drivers of biosonar evolution: To test how body size affects biosonar signal parameters and 
understand whether sensory drivers might support a tendency towards bigger body size in toothed whales 40 
following Cope’s rule (Heim et al. 2015), we conducted standard linear regression analyses to quantify 
scaling relationships in the form Y ∝ aMb, where M is body mass, b is the scaling coefficient, and Y is the 42 
response variable (either output power or biosonar centroid frequency). To statistically evaluate the 
scaling coefficient, linear regression analyses were done in Matlab R2013b (Mathworks, Natick, USA) on 44 
log-transformed body mass versus back-calculated energy flux density (already on a log scale), log-
transformed power, and log-transformed centroid frequency. Regression analyses were done using the 46 
matlab function Regress from the statistics toolbox, and regression confidence intervals were calculated 
using a 5% significance level. Individual regressions were calculated for all odontocetes combined, as well 48 
as for the two big signal groups, the broadband transient (BBT) species [including Platanistidae, Lipotidae 
(no data), Monodontidae, Iniidae, and most species from delphinidae], and the narrow-band high-50 
frequency (NBHF) specialists [including Kogiidae, Pontoporiidae, Phocoenidae, and six species from 
Delphinidae]. 52 

Biosonar performance and acoustic modelling: To evaluate how changing biosonar parameters affect in-
field detection range and acoustic gaze, we modelled approximate prey detection range using the active 54 
sonar equation (Au, 1993): 

Eq. 2:     𝐸𝐸𝐸𝐸 = 𝑆𝑆𝐸𝐸 − 2𝑥𝑥 𝑇𝑇𝐸𝐸 + 𝑇𝑇𝑆𝑆  56 

Here, EL is the received echo level, SL is the source level measured in energy flux density, 2x TL is the two-
way transmission loss back and forth to the prey, and TS is the target strength, i.e. the ratio of energy 58 
reflected back from the target. We estimated transmission loss as the combination of spherical spreading 
loss and frequency dependent absorption, so that TL = 20 log10(R) + αR. Here, R was the range to the 60 
target, and the absorption coefficient α was calculated using the centroid frequency of each species. 

We modelled detection range in a noise limited scenario, assuming that detection would occur when the 62 
received echo energy exceeded the noise energy within the same frequency band (EL>NL) (Au 1993, 
Madsen et al. 2007, Au 2014). The masking noise energy is normally estimated as the spectral noise level 64 
N0 (in dB re 1 µPa2Hz-1, i.e. noise intensity per Hz bandwidth) integrated over the auditory filter bandwidth 
of the animal. Since we do not have reliable estimates of auditory hearing sensitivity, let alone filter 66 
bandwidth, for many of the species here, we estimated the masking noise energy as the spectral noise 
level evaluated at the center frequency of the biosonar click and adjusted for the spectral RMS bandwidth 68 
of on-axis signals: 

Eq. 3:     𝑁𝑁𝐸𝐸 = 𝑁𝑁0(𝐹𝐹𝜌𝜌) + 10𝑙𝑙𝑜𝑜𝑙𝑙10(𝐵𝐵𝑊𝑊𝑅𝑅𝑅𝑅𝑅𝑅)  70 

The spectral noise level was estimated as Wenz Sea State 2 deep-water noise levels (approximately 58 dB 
at 1 kHz, with a gradual decrease of 17 dB per decade increase in frequency) plus the addition of thermal 72 
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noise (generally at frequencies above 100 kHz) so that spectral noise level was the combination of the 
energy from both wind (Eq. 4) and thermal (Eq. 5) noise (both in dB re. 1 µPa2Hz-1): 74 

Eq. 4:     𝑁𝑁0(𝐹𝐹𝜌𝜌) =  𝑁𝑁0(1 𝑘𝑘𝑘𝑘𝑘𝑘) − 17𝑙𝑙𝑜𝑜𝑙𝑙10 � 𝐹𝐹𝑐𝑐
1 𝑘𝑘𝑘𝑘𝑘𝑘

�  (wind generated noise)  

Eq. 5:     𝑁𝑁0(𝐹𝐹𝜌𝜌) =  −75 + 20𝑙𝑙𝑜𝑜𝑙𝑙10(𝐹𝐹𝜌𝜌)    (thermal noise) 76 

We solved the set of equations (EL>NL) numerically to find the maximum detection range where the 
returning echo level remained above background noise levels for three targets: a broadside cod (TS: -29 78 
dB, (Au et al. 2007)); a tail aspect cod or small squid (TS: -43 dB, Au et al. 2007) and an intermediate target 
resembling a large squid (TS: -36 dB, Madsen et al. 2007). 80 

Suppl. Methods References: 

Au, W. W. L. 1993. The Sonar of Dolphins. New York: Springer Verlag. 82 
Au, W. W. L. 2014. Dolphin biosonar target detection in noise: Wrap up of a past experiment. Journal of 

the Acoustical Society of America 136:9-12. 84 
Au, W. W. L., K. J. Benoit-Bird and R. A. Kastelein. 2007. Modeling the detection range of fish by 

echolocating bottlenose dolphins and harbor porpoises. Journal of the Acoustical Society of 86 
America 121:3954-3962. 

Heim, N. A., M. L. Knope, E. K. Schaal, S. C. Wang and J. L. Payne. 2015. Cope’s rule in the evolution of 88 
marine animals. Science 347:867-870. 

Jefferson, T. A., M. A. Webber and R. L. Pitman. 2011. Marine Mammals of the World. Academic Press. 90 
Madsen, P. T., M. Wilson, M. Johnson, R. T. Hanlon, A. Bocconcelli, N. Aguilar De Soto and P. L. Tyack. 

2007. Clicking for calamari: toothed whales can echolocate squid Loligo pealeii. Aquatic Biology 92 
1:141-150. 
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Supplementary results: 

Relationship between biosonar power and odontocete body size: Model: 𝐿𝑛(𝑃) = 𝑏 𝑙𝑛 (𝑀) 

  Scaling coefficient b Coefficient 95% CI R2 F dF p 

Odontoceti 1.923 [1.359 : 2.487] 0.64 48.933 27 <0.0001 
NBHF 
species 1.003 [-0.831 : 2.837] 0.16 1.591 8 p=0.24 

BBT species 1.259 [0.509 : 2.008] 0.48 12.971 14 p=0.0029 

 

Relationship between biosonar power and odontocete body size: Model: 𝐿𝑛(𝐹𝑐) = 𝑏 𝑙𝑛 (𝑀) 

  Scaling coefficient b Coefficient 95% CI R2 F dF p 

Odontoceti -0.269 [-0.3284 : -0.2096] 0.74 85.595 30 <0.0001 
NBHF 
species -0.0001 [-0.0414 : 0.0412] 3E-06 0.00003 10 p=0.99 

BBT species -0.128 [-0.1967 : -0.0590] 0.51 15.687 15 p=0.0012 

 

Relationship between biosonar power and odontocete body size: Model: 𝐷𝐼 = 𝑏 ln(𝑀) 

  Scaling coefficient b Coefficient 95% CI R2 F dF p 

Odontoceti 0.971 [-0.7014 : 2.6430] 0.1 1.551 14 p=0.24 
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Becoming a sperm whale:  
the ontogeny of diving, foraging, echolocation and communication in young sperm whale calves 

 
 

Abstract  

Deep diving sperm whales have a complex social structure and the biggest brains on the planet, but very little 2 

is known about the ontogeny of their diving, foraging, echolocation, and communication skills. In large 

brained terrestrial species, social skills develop earlier than locomotor abilities, but this may not be feasible 4 

for sperm whales, which require locomotor skills from birth to breathe, swim, and suckle. We test this 

tradeoff, for the first time in any wild toothed whale, by deploying Dtags on three first-year calves for a total 6 

of 15.7 hours. We show that sperm whale calves only rarely produce codas for communication with adult 

whales, but likely track the ample passive acoustic cues emitted by clicking adults. The calves’ diving 8 

capabilities were well-developed (maximum dive depth: 285, 337 and 662 m, maximum dive time: 11, 31 and 

44 min) and they all produced clicks in a way that is consistent with echolocation (median ICI: 0.81, 0.46 and 10 

0.42). The calf performing the longest and deepest dives additionally emitted two buzzes, suggesting that it 

attempted to forage; showing that young sperm whales calves may supplement their milk diet with 12 

independently caught food at depth much earlier than previously believed. Collectively, these findings 

suggest that the maturation of locomotor, diving, and echolocation skills are favored over investment in 14 

developing social communication skills at an early age of sperm whales.   
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INTRODUCTION  16 

All newborn animals face the challenge of developing the physical and cognitive skills required to survive and 

cope in the novel environment they enter at birth. Fast physiological development often characterizes 18 

precocial species such as antelopes (Grillner 2011), chickens (Muir et al. 1996) and rabbits (Carrier 1995), 

which acquire adult walking, running and jumping capabilities soon after birth. Conversely, altricial species 20 

such as humans have a prolonged ontogeny of locomotor skills (Carrier 1996; Grillner 2011). Intensive 

parental care enables neonates of altricial species, who may have poor locomotor skills, to invest more 22 

heavily in the brain development and therefore develop larger brains (Iwaniuk and Nelson 2003; Shultz and 

Dunbar 2010; West 2014). Social groups with pronounced inter-individual relationships, and parental care, 24 

are often characteristic of altricial, big brained species (Dunbar and Shultz 2007; Emery et al. 2007; Shultz 

and Dunbar 2007; Dunbar 2009; West 2014). Hence, it has been hypothesized that social animals have 26 

evolved large brains to solve complex ecological tasks in a social context; as well as, to remember social 

interaction histories with their conspecifics in order to solve the dilemma of with whom to cooperate (Joffe 28 

1997; Shultz and Dunbar 2007, 2010; Dunbar 2009). However, the advantages of being able to manage such 

social interactions comes at the cost of a prolonged developmental period of learning (Zeveloff and Boyce 30 

1982; Joffe 1997; Shultz and Dunbar 2010). Additionally, the time and energy invested in acquiring complex 

social skills may affect the development of other faculties and hence likely explain the late maturation of 32 

advanced locomotor skills and thereby independent foraging of humans and other large apes.  

Despite living in a markedly different environment, cetaceans possess many of the key features expected of 34 

altricial species: highly complex social lives (Connor et al. 1998; Rendell and Whitehead 2001), large brains 

allowing for complex cognition (Marino 2002; Marino et al. 2004, 2007), functionally diverse communication 36 

systems (Payne and McVay 1971; Rendell and Whitehead 2003; Filatova et al. 2012; King and Janik 2013); 

and extensive learning capacities (Janik and Slater 2000). However, due to their aquatic environment, 38 

neonate cetaceans require basic locomotor skills to get to the surface to breathe, to suckle, and to keep up 

with highly mobile mothers in their vast three-dimensional oceanic habitat. This raises the conundrum of 40 

how cetaceans handle the apparent conflict between timing of the ontogeny of their locomotor skills and 

social behavior. This dilemma is particularly relevant to sperm whales who possess the largest brain in the 42 

animal kingdom (Marino et al. 2004), live in a complex, multileveled social structure with long lasting, stable 

social units at its base (Whitehead et al. 1991; Christal et al. 1998; Whitehead 1999) and whose social 44 

interactions appear to be mediated through a diverse click-based communication system (Rendell and 

Whitehead 2003; Gero et al. 2016). Yet, this species lives in a pelagic habitat where they range widely and 46 

hunt for squid during deep (ca. 750 m) and prolonged (ca. 45 min) foraging dives (Watwood et al. 2006; 

Whitehead et al. 2008).  48 
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Observations of a sperm whale birth suggests that newborn sperm whales acquire basic locomotor skills 

within hours after birth (Weilgart and Whitehead 1986), and that young calves appear able to keep up with 50 

the horizontal movements of their natal social unit (Gordon 1987; Whitehead 1996). Furthermore, the 

increased predation risk for calves staying near the surface is mitigated through alloparental care in the form 52 

of babysitting (Whitehead 1996; Gero et al. 2009). As such, the current understanding of neonate calf 

behavior is that they spend most of their time at the surface and that sperm whale calves may not need to 54 

develop the locomotor, sensory, and diving skills to either avoid predation or to perform deep foraging dives 

(Best et al. 1984), thereby allowing for an early energy allocation towards social development. However, 56 

evidence for sperm whale calves diving abilities is ambivalent. As other mammals, sperm whale calves initially 

gain all their energy by suckling (Best et al. 1984), but stomach contents of one year old calves reveal solid 58 

food items and yet milk has also been found in stomachs of 13 year old sperm whales (Best et al. 1984). 

Studies of captive sperm whale calves undergoing rehabilitation have shown that neonate and young calves 60 

(up to 7 meters) are able to produce low frequency clicks which may be precursors for echolocation clicks 

(Watkins et al. 1988; Madsen et al. 2003). Further, Gordon (1987) demonstrated that two sperm whale calves 62 

dove to approximately 300 m indicating that calves can dive deep. Unfortunately, this study could not 

determine if the calves were echolocating and foraging during the dive. Recent studies have further shown 64 

that wild sperm whale calves at the age of three months can emit clicks in the form of codas  (Gero et al. 

2016), which amongst adults serve a communicative function  (Watkins and Schevill 1977). Such 66 

communication may be specially needed to ensure reunion of calves and mothers or babysitters ascending 

from foraging dives. The nature of this reunion is not known, but there are two main hypotheses in the 68 

literature. Sperm whale calves have been proposed to emit acoustic signals, functioning as a homing beacon 

for the adults to return to. This hypothesis is based on the omni-directional, low frequency and long duration 70 

clicks emitted by neonate sperm whales in captivity (Madsen et al. 2003). Alternatively, calves near the 

surface may track foraging adults (Gordon 1987) by eavesdropping on their echolocation. These apparently 72 

conflicting observations raise the question of whether surface observations under-represent the diving, 

echolocation, and foraging capabilities of sperm whale calves.  74 

Living in the darkness of the deep oceans, hearing is the main sensory modality of sperm whales. Hence 

eavesdropping on adults’ foraging and socializing may in general be of great importance in the ontogeny of 76 

young calves allowing them to learn how to become highly social, mesopelagic apex predators. Here, we 

seek to shed light of the ontogenetic path of sperm whale calves by addressing several specific questions 78 

about sperm whale calf behavior using animal-borne tags deployed on three first-year calves for the first 

time in any wild toothed whale. Firstly, we studied calf social development at an early age by examining 80 

whether calves participate actively in the social communication by emitting codas; and further if calves 
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emit codas in the context of reuniting with their mothers. Secondly, we sought to evaluate if sperm whale 82 

calves, like large-brained terrestrial species, postpone their locomotive development by examining the 

extent of their dive behavior. Given their presumably smaller oxygen stores, we hypothesized that calves 84 

are not able to dive as deep and for as long as adult sperm whales. Thirdly, we examined whether first year 

sperm whale calves gain energy exclusively from suckling or supplement it by foraging. We expected that 86 

when calves start foraging they echolocate for shorter periods as a consequence of potentially shorter 

dives and hence less time within the prey field. We further hypothesized that the inter-click interval (ICI) of 88 

calf echolocation may be greater than for adults to allow for longer processing time. Lastly, if young calves 

forage, we anticipated that their inexperience in locating and catching prey would manifest in fewer and 90 

longer buzzes. Through these inquiries, we show that sperm whale calves, who are less than one year old, 

have unexpectedly well-developed diving capacities and that they do emit echolocation clicks and buzzes, 92 

whereas their social communication skills seem to mature at a later stage. Hence, delayed locomotor 

ontogeny is not a strict prerequisite for developing complex social skills and may be circumvented in 94 

instances where the environment necessitates an early and rapid development of physiological capabilities. 

METHODS AND MATERIALS 96 

Field site, animals and tagging 

Field research was conducted as a part of a longitudinal study of well-known sperm whale social units off the 98 

leeward, western coast of the island of Dominica (15.30⁰ N 61.40⁰ W) in the Eastern Caribbean (Gero et al. 

2014). Tagging was performed from an 11 m rigid-hulled inflatable boat (RHIB) that also served as the primary 100 

observation platform during three consecutive field seasons in 2014, 2015 and 2016. 

Sperm whales were located using a HTI-96 hydrophone in a baffle to provide directionality. Clusters 102 

containing calves were approached from behind and priority was given to tagging calves before any adult 

other members of the unit. Third generation Dtags (Johnson and Tyack 2003) were attached to the whale by 104 

four silicon suction cups and deployed using a 9 m hand-held, carbon fiber pole. No invasive sampling was 

conducted during or after the tagging and a minimum distance of 100 m, was kept to minimize potential for 106 

disturbance. All whales, including  tagged whales, were identified by photo-identification of distinct markings 

of the trailing edge on their flukes for adults, or the dorsal fins for calves (Arnbom 1987; Gero et al. 2009). 108 

Surface observations of cluster composition (sensu Gero et al. 2014) was performed throughout the day to 

determine the calves’ association with adult whales. Finally, far field recordings as well as sloughed skin and 110 

fecal sampling was conducted in the flukeprint after whales made deep fluke-up dives.  
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The Dtags sampled audio on two channels at 120 or 125 kHz with a resolution of 16 bits, providing a flat (±2 112 

dB) frequency response between 0.4 and 50 kHz. Pressure and acceleration were sampled at a rate of 500 

Hz with 16 bit resolution, decimated to 25 Hz for analysis. All data analyses were performed in MatLab version 114 

9.0 R2016a (Mathworks, Inc) using custom written scripts (some of which can be downloaded here: 

www.sounDtags.org/Dtags/Dtag-3/). Accelerometer data were calibrated and rotated to account for the 116 

orientation of the tag on the whale using intervals of logging at the surface, the initial part of the descents 

and the final part of the ascents as orientation references (Johnson and Tyack 2003). 118 

Dive behavior 

 Adult sperm whale dives are often divided into three categories based on depth: near-surface (<50m), 120 

shallow (50-300m), and deep foraging dives (>300m) (Whitehead 2003). Here, we use adult deep foraging 

dives for comparison of dive behavior between calves and adult. For the calves, dives deeper than 50 m were 122 

treated as deep dives. Calf dives shallower than 50 m were examined for potential suckling. Whilst suckling, 

the calves were expected to stay under the nursing mother resulting in a distinguishable flat bottom phase 124 

of these dives as observed in humpback whale calves. Hence, dives with a platykurtic depth distribution and 

thereby a kurtosis value higher than that of a normal distribution, i.e. three, were assumed to be potential 126 

suckling dives.  

Randomization tests were conducted to compare the dive duration and maximum depth of the calves and 128 

the adults. For each calf, a median of each dive parameter was extracted across all dives. Values for all dive 

parameters were extracted from six dives for each of the adults. This number of dives was chosen based on 130 

the lowest number of dives recorded from the individual calves. If an adult was tagged a single time, the first 

six dives were chosen. If an adult had been tagged more than once, six dives were randomly chosen from all 132 

tag-outs, however with a criterion of one of these six dives being the first dive on a tag recording. This was 

done to ensure that the sampling method of adults matched that of calves, where all dives, including the first 134 

dive with potential tagging effects, were included. When comparing calf and adult dive parameters, an adult 

median value was extracted from a number of randomly chosen dives equal to the number of dives made by 136 

the given calf. This was done to ensure similar sample size of calf and adult dives. Such an adult median was 

drawn 1000 times resulting in a p-value based on the number of times that the median value for the 138 

calves was lower than the median value for the adults, making the test one-sided. If the result was not 

significant another one-sided randomization tests was conducted to test if the calf median was significantly 140 

higher than the adult median.  
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Acoustic activity 142 

All recordings were examined using a custom MatLab tool that allowed listening and visual examination of 

15 s successive windows of the tag recording using a spectrogram display (Hamming window, NFFT = 512 and 144 

50 % overlap). Potential focal echolocation signals (having an apparent output level of >125 dB re 1 µPa peak), 

associated buzzes, and bouts of codas were marked for further assessments. Individual echolocation and 146 

coda clicks were identified using an automated click detection algorithm. The detected clicks were 

subsequently visually evaluated to make sure that no clicks were missed and that no false detections, such 148 

as noise or distant whales, had been included. 

Echolocation 150 

The inter-pulse interval (IPI), angle of arrival (AOA) and apparent output level (AOL) were examined for all 

high-level echolocation clicks to determine whether the calf or a nearby adult emitted the clicks.  152 

Detected clicks with a signal to noise ratio (SNR) below 20 dB were removed to exclude falsely detected clicks 

or clicks from distant animals. The SNR was calculated using the root mean square (RMS) of a 1 ms window 154 

centered on each detected click (signal) and a 3 ms window starting 15 ms before the click (noise). The IPIs 

of the accepted clicks were then obtained from the Hilbert transformed envelope of the waveform of the 156 

clicks.  The two highest peaks of the clicks were identified, corresponding to the first and second pulse of the 

click, and the time difference between these represents the IPI (based on Bøttcher et al. in prep). To avoid 158 

false detection of the last part of the first pulse as being the second pulse, the latter was only identified if it 

fell within the interval from 1 to 5 ms after the first pulse. The first ms after the peak of the first peak was 160 

excluded as the tail of the first peak would still dominate this time window. An IPI of 5 ms equals a body 

length of 12 m (Gordon 1991), as the average length of Dominican female sperm whales are 9.3 m, this was 162 

set as an upper size limit.   

AOA was estimated using the time delay between when the click was recorded on the two hydrophones of 164 

the DTAG. If the clicks were emitted by the tagged whale, the AOAs were expected to remain stable as the 

position of the sound producing organ moves very little relative to the tag. Abrupt changes in AOA might 166 

however occur due to sliding of the tag on the whale. If another nearby whale, on the other hand, produced 

the clicks, the AOAs are likely to vary over time due to changes in the relative position of the tagged whale 168 

and an echolocating conspecific.  The AOA was calculated using the following equation:  

AOA = sin-1((Δtime/fs)*c/dist), where Δtime is the time difference between when a click was recorded by the 170 

two hydrophones, fs is the sampling rate, c is the speed of sound in water (1,500 m/s) and dist is the distance 

between the two hydrophones (50 mm). This time difference was found by comparing a cross-correlation of 172 
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the click recorded on the two hydrophones and a self-correlation of the click recorded on one of the 

hydrophones. To help resolve the peak in the cross correlation, the signal was initially interpolated eight 174 

times. Additionally, the time difference had to be below 0.033 ms because this is the maximum possible time 

delay between the two hydrophones (0.05 m / 1500 m/s). 176 

Lastly, the peak to peak apparent output level (AOLpp) was used to aid the evaluation of whether the calf or 

a nearby adult was echolocating. Assuming that the calf emits clicks of a near constant amplitude, which 178 

seems to be the case for an adult sperm whale (Madsen et al. 2002), very little variation should occur in the 

recorded AOLpp, whereas AOLpp of a nearby echolocating whale will fluctuate according to the distance to 180 

and the heading of the echolocating whale.  The AOLpp of the clicks were calculated using the following 

equation: 20*log10(pp)+CL, where pp is the normalized peak to peak amplitude and CL is the clip level of the 182 

DTAGs (184 dB re 1µPa). All clicks with an IPI lower than 2 ms was assigned to the calves. Based on the 

consistency of IPI, AOA and AOL, clicks excluded due to the SNR criterion was assigned to the calves as well 184 

(see figure 3). 

All adult echolocation data used for comparison stems from one tag-out of the 10 adult individuals, which 186 

performed six or more dives during recording. Further, all buzzes of the second and third dive of these 10 

individuals was used for buzz comparison. A buzz was defined as a succession of clicks with an ICI lower than 188 

0.2785 s based on the distribution of all adult echolocation clicks (figure 4) (sensu Teloni et al. 2008). 

Codas 190 

The IPIs of all the recorded coda clicks were examined to determine if the calves emitted any of the 

codas. The IPIs were obtained following the procedure described for echolocation clicks. However, 192 

the SNR and clipping criteria were omitted to make sure no calf coda was missed. All clicks with an 

IPI lower than 2 ms were visually inspected to eliminate clicks with no apparent pulse structure. This 194 

cut off value was chosen, as the IPI of calf echolocation clicks were smaller than 2 ms for all three 

calves. Similarly, Schulz et al.’s (2011) observed IPIs below 2 ms for a 4.5 m long 3 month old male 196 

calf. Further, an IPI of 2 ms equals a body length of 7.7 m (Gordon 1991), which covers the average 

body length of 6 m for first year calves (Lockyer 1981). Finally, the 2 ms cut off ensured that adult 198 

clicks were excluded as the IPI of echolocation clicks from adults in this area range from 2.73 to 3.34 

ms (Bøttcher in prep.). Since the calves only emitted codas sporadically, the stability of AOA and 200 

AOL could not be used to support the determination of whether the calves or the adults emitted 

the codas.   202 
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RESULTS 

Dtags were deployed on three first-year calves (1 in 2015 and 2 in 2016) for a total of 15.7 hours. The three 204 

calves came from three different social units: Calf J from Unit J, which consisted of three adult females, Calf 

R from Unit R, which consisted of five adult females and two other calves, and Calf A from Unit A, which 206 

consisted of three adult females and a juvenile male. Units J and A where foraging the entire recording time, 

whereas Unit R socialized during 3 of 7 hours of the tag deployment. As none of the calves were observed 208 

with their social unit during the previous field season, they were assumed to be less than a year old. Calf J 

and Calf A were genetically sexed using sloughed skin as females (C. Konrad, unpublished data), whereas the 210 

sex of Calf R is unknown. Calf J, R, and A were tagged for 4.4, 6.6, and 4.7 hours and performed 7, 15, and 6 

deep dives these periods (figure 1). Most of these dives were V-shaped, but Calf R and A each made four 212 

dives with a bottom phase (figure 1). The bottom phase of Calf A resembles the adults’ bottom phases by 

being relatively flat (figure 1). The calves often initiated and surfaced from deep dives in the immediate 214 

company (within 40 m and within <1 min) of one or more adults (diving: 3 of 3 and 0 of 1 observations, 

surfacing: 3 of 3 and 2 of 2 observations for Calf J and A respectively, data not available for Calf R).  216 

Additionally, 26 tags (6 in 2014, 16 in 2015, 4 in 2016) were deployed on 15 different adult whales and one 

juvenile male across 6 social units (A, F, J, S, U and one unknown unit) and used as a reference for the calves.  218 

Suckling 

Calf J, R and A made 23, 14, and 10 potential suckling dives with a mean duration of 4.1 ± 1.7 min, 2.7 ± 1.1 220 

min, and 4.0 ± 3.4 min. These potential suckling dives occurred at a mean depth of 4 and only two suckling 

dives occurred at depths greater than 8 m (those went to 11 and 18 m). The amount of time spent suckling 222 

differed between the calves. Calf J spent 23 % of the time potentially suckling whereas Calf R and A only spent 

10 % and 14 % of the time in this activity. Additionally, dives deeper than 1 m and lasting less than 1 min 224 

were assumed to be peduncle dives as observed by Gero and Whitehead (2007). Calf J, R, and A each 

performed 67, 132, and 98 of these peduncle dives, which on average lasted 24 ± 14 s, 23 ± 11 s, and 20 ± 8 226 

s, respectively. No acoustical cues or sounds of physical contact were audible during the peduncle dives or 

the potential suckling dives.   228 

Dive behavior 

Contrary to the expectation, all three calves performed several deep dives adding up to a total of 28 deep 230 

dives. The maximum depth of Calf J and R’s dives were approximately 300 m, whereas Calf A made four dives 

to around 600 m (figure 1). The duration of the dives varied between individuals, with Calf J diving for a 232 

maximum of 11 min, Calf R staying submerged for up to 31 min and Calf A’s longest dive lasting 44 min. The 
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median dive depth and median dive duration of each of the calves’ dives were significantly shallower (p-val 234 

= 0) and shorter (p-val = 0) than the median adult dive depth and dive duration (figure 2). During the recording 

periods Calf J, R, and A spent 25, 47, and 56 % of the time performing dives beyond 50 m, whereas adults 236 

spent a median of 75 % (IQR: 61-80 %) of their time making deep and long foraging dives (based on all 26 tag-

outs and pooling data from different tag-outs for the same individual).  238 

Echolocation 

Given that all three calves dove deeply and Calf A reached adult foraging depth, we examined the IPI, AOA 240 

and AOL of potential focal calf clicks to determine if the calves had started to echolocate for prey. As an 

example, figure 3 shows these three parameters of the potentially focal calf clicks recorded by the DTAG on 242 

Calf A during dive a to d (figure 1). Firstly, the IPI estimates differ between and within dives, suggesting that 

the recorded clicks came from different individuals. In dive a and d, the median IPI was 3.06 ms (IQR: 2.92-244 

3.18 ms) and 2.88 ms (IQR: 2.19-3.02 ms), which is similar to the IPI estimates of adult sperm whales in 

Dominica (Gero 2012 and A. Bøttcher unpublished data). These IPIs indicate a body length of 9.3 and 9.0 m 246 

(Gordon 1991), which is the typical length of sexually mature female sperm whales (Lockyer 1981). During 

dive b and c the IPIs changed from a median of 1.45 ms (IQR: 1.38-1.51 ms) and 1.48 ms (IQR: 1.43-1.53 ms) 248 

before shifting to a median of 2.82 ms (IQR: 1.99-2.99 ms) and 3.00 ms (IQR: 2.60-3.08 ms). This change in 

the IPIs indicates a shift from a smaller whale to an adult whale clicking. Secondly, the low IPI clicks had little 250 

variation in AOA (IQR: 4.2 and 4.8 degrees for dive b and c), whereas the AOA of the high IPI clicks varied 

more (IQR: 4.8, 11.3, 14.7 and 10.7 degrees for dive a, b, c, and d). Finally, the AOL of the low IPI clicks varied 252 

less (IQR: 2.6 and 3.2 dB re 1 µPa for dive b and c) than the AOL of the high IPI clicks (IQR: 12.8, 12.3, 9.6 and 

10.5 dB re 1 µPa for dive a, b, c, and d). In combination, these observations of IPI, AOA and AOL suggest that 254 

calf A emitted the low IPI clicks and nearby adults emitted the high IPI clicks occurring right before the calf 

started its ascents (figure 1). Additionally, eight potential calf buzzes were recorded by the tag on Calf A. Due 256 

to the high decay rate of the pulses within these buzz clicks and their low signal to noise ratio, it was not 

possible to obtain IPIs of buzz clicks. However, based on the IPI of clicks before and after the buzzes, Calf A 258 

was assumed to produce two of these buzzes (figure 3).  

Additionally, following the same method it was found that Calf J and Calf R each produced one bout of regular 260 

clicks (figure 1). However, no potential focal buzzes were recorded for these calves.  

Calf J and R emitted clicks for 80.5 and 89.5 s, Calf A on the other hand echolocated for 18.4 and 28.5 s. In 262 

comparison the median adult search phase duration (i.e., from first to last regular click in a dive as defined 

in Watwood et al. 2006) was 37.8 min (IQR: 35.5-41.1 min). Even though the calves’ dives were shorter than 264 

the adults’ dives, the percentage of time spent in the search phase per dive was lower for the calves (13.9 
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and 16.2 % for Calf J and R, and 55.4 and 65.2 % for Calf A) compared to the adults (median: 78.1 %, IQR: 266 

76.3-80.5 %). Calf J and R both emitted their clicks at approximately 200 m depth, Calf J clicked during the 

last part of its descent phase whereas Calf R emitted clicks during the initial part of its ascent phase (figure 268 

1). Calf A started echolocating at 426 and 340 m during the last part of it descent like adults do (median 

depth: 339 m, IQR: 235-371 m), but stopped clicking during the last part of the bottom phase (figure 1), which 270 

is earlier than adults (Watwood et al. 2006). The ICI of Calf R and A, median 0.46 and 0.41 s (IQR: 0.46-0.56 

and 0.40-0.46 s) respectively, was close to the median ICI of 0.49 s (IQR: 0.44-0.54 s) for adults. Calf J on the 272 

other hand had a higher median ICI of 0.81 s (IQR: 0.72-0.86 s). 

The two buzzes made by Calf A lasted 27.7 and 12.4 s, which is longer than the median duration of 4.3 s (IQR: 274 

4.2-4.8 s) for adult buzzes. In comparison adults produced a median of 17 (IQR: 14-19) buzzes per dive. Even 

when accounting for the different search phase durations, Calf A produced an order of magnitude fewer 276 

buzzes than adults (median of 0.045 for Calf A compared to a median of 0.430 buzzes per minute of the 

search phase for the adults). Calf A produced its buzzes at 556 and 470 m, which is close to the median depth 278 

of 771 m (IQR: 722-789 m) of adult buzzes. The median ICI of Calf A’s buzzes (0.025 and 0.019 ms) was similar 

to the median ICI of the adult buzzes (0.019 ms, IQR: 0.017-0.020 ms) (figure 4).  280 

Codas 

No codas with an IPI corresponding to a calf was recorded on the tags on Calf J and A, whereas 26 calf codas 282 

were recorded by the tag on Calf R. Codas and echolocation from other sperm whales were audible in 97.1, 

95.5, and 94 % of the recording time of Calf J, R, and A respectively (figure 3e). Codas were audible in 4, 29, 284 

and 5 % of the recording time of Calf J, R, and A respectively (figure 3e).  

  286 
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DISCUSSION 

In this first detailed study of the fine-scale behavior of large toothed whale calves in the wild, we used 288 

multisensor Dtags to shed light on the ontogeny of social skills, diving capability and foraging effort of sperm 

whale calves. Due to practical difficulties in tagging calves this study is based on a sample size of three calves 290 

and a total recording time of 15.7 hour and the following discussion should therefore be treated with the 

caution inherent of such a sample size. With this reservation in mind, the data allow for an unprecedented 292 

insight to what sperm whales are capable of in their first year of life and the pace at which they go on to 

become sound mediated, highly social apex predators in a deep oceanic environment.  294 

Suckling 

The three calves all performed short shallow dives similar to the peduncle dives observed by Gero and 296 

Whitehead (2007), where the calf pressed its blowhole against the escorting adults’ genital area (Gero and 

Whitehead 2007) probably to induce milk let down as observed in other cetaceans (Asper et al. 1988; 298 

Peddemors et al. 1992; Xian et al. 2012) and in terrestrial mammals (Lent 1974). Additionally, the calves made 

several potential suckling dives. Based on a conservative approach, the time spend potentially suckling was 300 

estimate to be 23, 10, and 14 % of the recording time for Calf J, R and A. This divergence may be related to 

the calves’ stage of transition from exclusively suckling to increasingly supplementing their diet with prey. A 302 

successful transfer of milk likely requires behavioral coordination between the adult female and the calf. A 

recent study show that humpback whale calves opt for mechanical cues rather than vocal cues to indicate 304 

their readiness to suckle (Videsen et al. 2017). Similarly, no vocal cues were observed during potential 

suckling. However, nor was any sign physical contact recorded, which may be due to tag placement. The lack 306 

of acoustic cues may be an adaptation to avoid the risk of eavesdropping predators such as killer whales at 

or near the surface.  308 

Communication 

Previous research has shown that calves under a year are able to produce codas (Schulz et al. 2011); that 310 

they produce codas far less frequently than adults (Marcoux et al. 2006), but when they do that they produce 

a higher diversity of coda types compared to adults (Schulz et al. 2011; Gero et al. 2016); and that it takes 312 

several years before calves converge on their natal unit’s dialect (Gero et al. 2016). Taken together, these 

results suggest that social communication is a complex skill to acquire. We recorded codas on only one of 314 

three tags in this study. Unit R socialized during 3 of 7 hours of the tag deployment while Units J and A where 

foraging the entire time. Given that coda production rate is correlated with group behavioral state 316 

(Whitehead and Weilgart 1991), we were presumably more likely to record codas on Calf R’s tag. However, 
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it would appear that young calves may not need to participate acoustically in the social bonding during these 318 

periods of socializing at the surface. Nonetheless, based on the absence of codas produced by Calf A and J, 

our results indicate that the calves do not need to emit acoustic cues to maintain and re-establish contact 320 

with deep diving adult whales; the ample presence of acoustic cues from adult sperm whales seems sufficient 

for the calves to track as suggested by Gordon (1987). 322 

Dive behavior 

Contrary to our expectation based on surface observations (Gordon 1987; Whitehead 1996) and the assumed 324 

smaller oxygen stores of calves, we show that first year calves have well developed diving abilities. This shows 

that sperm whale calves can tolerate the increased pressure at depth, have sufficient oxygen stores, and 326 

have developed the physiological requisites of deep diving within their first year of living. Further, the dive 

behavior of the three calves seems to represent a spectrum of diving abilities. Calf J and R both dove to 328 

around 300 m, but Calf J’s longest dive lasted only 11 minutes, whereas Calf R performed three dives lasting 

between 22 and 31 minutes (figure 1). Calf A on the other hand performed four even longer dives (ranging 330 

from 31-44 minutes) during which it reached 600 m (figure 1), which more closely resembles adult dive 

behavior in this geographical area. These differences may suggest that the calves are at different stages of 332 

developing their diving ability. It further seems that all three calves stayed within close proximity of one or 

several adult whales during descent and ascent, as they most often initiated and surfaced from deep dives 334 

with one or more adults, as cues of physical contact was recorded during their descents and ascents and as 

high-level adult echolocation was recorded right before Calf A ascended from its four deep dives (figure 1). 336 

The long duration of several of the calves’ dives may have caused an exceeding of their aerobic dive limit 

(ADL). The ADL of the three calves may be estimated by scaling the diving metabolic rates from adults: ADLcalf 338 

= ADLadult * (Mb,adult / Mb,calf)-0.25, where Mb is body mass. To do that a minimum and maximum Mb,calf of 1 and 

2 ton were chosen for neonate and first year sperm whale calves (Lockyer 1981). The Mb,adult was set to 7.2 340 

ton corresponding to the median body length of 9.3 m (Lockyer 1981) for adult females in the area (based 

on Bøttcher et al in prep). Hence, assuming the median adult dive duration of 48 min approximates their ADL 342 

(Watwood et al. 2006), the estimated ADL of the calves ranges from 28 to 34 min. This approach takes the 

difference in mass specific metabolic rate into account, but assumes equally sized oxygen stores per unit of 344 

body mass, which may cause an overestimation of the calf ADL given how slow it matures in pinnipeds and 

delphinids (Dolar et al. 1999; Noren et al. 2001, 2014). The duration of dives made by Calf J (maximum 11 346 

min) was well within the estimated ADL, whereas the longest dives of Calf R and A on the other hand reached 

and exceeded the estimated ADL. Hence, these two calves may have needed longer surface intervals to 348 

process the accumulated lactate from possible anaerobic metabolism (Kooyman et al. 1980). Indeed, all 
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calves spend less time diving deep than the adults. This may, however, also be the consequence of the calves 350 

engaging in specific behaviors confined to the surface or near-surface zone, such as nursing.  

Echolocation 352 

One reason to dive deep may be that the calves already at this young age have started to catch food to 

supplement their milk diet. Our study shows that all three first year calves produced click trains, which in 354 

accordance with earlier studies (Watkins et al. 1988; Ridgway and Carder 2001; Madsen et al. 2003) indicates 

that young sperm whale calves may echolocate. Calf J and R both emitted one short click train at a depth of 356 

approximately 200 m. Due to the lack of buzzes and recordable echoes and that these two calves did not 

reach depths where the adults were foraging suggests that these calf were not echolocating for prey. 358 

However, the clicking may represent an early stage of their echolocation development, which could explain 

why the ICI of Calf J is higher than for adults. In contrast, Calf A emitted two long bouts of clicks with ICIs 360 

similar to adult ICIs; and additionally, produced two buzzes at a depth where adults were also buzzing (figure 

1). The presence of buzzes within echolocation bouts is a strong indication that Calf A was echolocating in 362 

the attempt of catching prey.  As expected the calf made fewer and longer buzzes, but with ICIs similar to 

adults. This may suggests that the calf did engage in the approach and buzz phases of biosonar-based 364 

foraging, but perhaps did not manage to catch the prey as quickly or at all, leading to protracted buzzing. Calf 

A only made one buzz per search phase, which when taking the shorter search phase into account still 366 

accounts for an order of magnitude fewer buzzes than emitted by adults.  

The great variability in echolocation effort between the three calves of this study may reflect that these calves 368 

were at different stages in the transition from suckling to starting to forage. Calf J and R probably had not 

started foraging independently yet, whereas Calf A most likely was foraging while still relying on milk for the 370 

majority of its energy intake.  Our field observations suggest that Calf A was the largest and thereby maybe 

the oldest of the three calves, which suggests that the difference in diving behavior and echolocation effort 372 

observed here may be an effect of age, given the reservations of just three calves tagged.   

Conclusion 374 

Here we have used miniaturized biologging devices to get a unique snapshot of a very difficult thing to 

sample: the early development of social and foraging behaviour in a largest tooth-bearing predator on planet 376 

earth, the sperm whale. The difficulty in gently approaching such young whale calves in deep water for 

tagging only provided three tags on for a limited time, but has nevertheless enabled us to shed light on the 378 

gradual and complex ontogeny of sperm whale calves in unprecedented details. Contrary to terrestrial 

mammals, our data suggest that sperm whale calves do not postpone their locomotor development to favor 380 
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the maturation of complex social skills. Instead, the first-year calves performed deep and long-lasting dives 

where they seem to employ echolocation as part of their sensory scene acquisition, and one calf presumably 382 

engaged in biosonar mediated prey capture attempts. Furthermore, the calves seemed to rely on passive 

acoustic cues from the adults rather than emit codas themselves to maintain and restore contact with adults. 384 

Hence, this study suggests that sperm whales are an example of a large-brained, highly social mammal that 

must prioritize locomotor and diving development potentially at the cost of slower development of social 386 

and communicative skill, which in turn may explain their prolonged dependency of their social unit compared 

to delphinids. 388 
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FIGURES 402 

 

Figure 1: Dive profile showing changes in depth over time for Calf J (A), Calf R (B), Calf A (C, with 404 

specific dives lettered a-d, see Figure 3) and an adult from Unit J (D). Periods of calf clicking (red), 

loud adult echolocation (blue), codas (green) and calf buzzes (asterisk) are superimposed on the 406 

dive profile. Insert (E) shows the percentage of the recording time containing codas (black), 

echolocation clicks (dark grey) or no apparent sounds emitted by sperm whales (light grey).  408 

170



 
 

Becoming a sperm whale:  
the ontogeny of diving, foraging, echolocation and communication in young sperm whale calves 

 
 

 

 410 

Figure 2: Distribution of dive duration (A) and maximum dive depth (B) for Calf J (orange), Calf R 

(red), Calf A (dark red) and adults (blue). The lines indicate the minimum (dashed) and maximum 412 

(solid) estimated aerobic dive limit. The histograms are made with a bin size of 5 min (A) and 50 m 

(B).  414 
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 416 

Figure 3: Inter-pulse interval (A-D), angle of arrival (E-H) and apparent output level (I-L) of high-level 

clicks recorded by the tag on Calf A during dive a, b, c, and d. Blue indicates adult buzzes and red 418 

indicates calf buzzes. Red vertical lines indicate the shifts from calf to adult click production.  
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 420 

Figure 4: Histogram of inter-click intervals of echolocation clicks of Calf J (orange), Calf R (red), Calf 

A (dark red) and adults (blue).  422 
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