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Echolocation is a key sensory modality for toothed whale orientation, navigation, and foraging.

However, a more comparative understanding of the biosonar properties of toothed whales is neces-

sary to understand behavioral and evolutionary adaptions. To address this, two free-ranging sympa-

tric delphinid species, Australian humpback dolphins (Sousa sahulensis) and Indo-Pacific

bottlenose dolphins (Tursiops aduncus), were studied. Biosonar clicks from both species were

recorded within the same stretch of coastal habitat in Exmouth Gulf, Western Australia, using a ver-

tical seven element hydrophone array. S. sahulensis used biosonar clicks with a mean source level

of 199 6 3 dB re 1 lPa peak-peak (pp), mean centroid frequency of 106 6 11 kHz, and emitted at

interclick intervals (ICIs) of 79 6 33 ms. These parameters were similar to click parameters of sym-

patric T. aduncus, characterized by mean source levels of 204 6 4 dB re 1 lPa pp, centroid fre-

quency of 112 6 9 kHz, and ICIs of 73 6 29 ms. These properties are comparable to those of other

similar sized delphinids and suggest that biosonar parameters are independent of sympatric delphi-

nids and possibly driven by body size. The dynamic biosonar behavior of these delphinids may

have, consequently, allowed for adaptations to local environments through high levels of control

over sonar beam properties. VC 2015 Acoustical Society of America.

[http://dx.doi.org/10.1121/1.4921277]

[WWA] Pages: 3033–3041

I. INTRODUCTION

Toothed whales currently comprise 67 species, exhibit-

ing a vast morphological diversity that is defined by the

foraging niches they have evolved to exploit. Deep-diving

open water species, such as sperm whales (Physeter
macrocephalus) and beaked whales, have been selected for

a large body size and extended breath holding abilities that

allow them to execute long dives and target deep prey

layers (Watwood et al., 2006). Other species, such as many

phocoenids or coastal delphinids that inhabit near-shore

shallow-water environments, are smaller and exhibit lower

diving capacities (Akamatsu et al., 2002). Across

all toothed whales, however, is a ubiquitous reliance on

echolocation for orientation, navigation, and foraging (Au,

1993; Madsen and Surlykke, 2013).

Echolocation is an active sense where a short, high-

intensity acoustic signal is emitted and reflected off ensoni-

fied objects, producing a returning echo that is subsequently

detected and processed by the echolocating animal (Griffin,

1958; Au, 1993). This process has been studied in detail in

bats where the primary determinants of their biosonar char-

acteristics are considered to be habitat type and foraging

mode. Bat species use different biosonar parameters depend-

ing on ranges to prey, background vegetation, and foraging

behavior (Denzinger and Schnitzler, 2013). As a result, bats

are assigned into guilds independent of phylogeny, but rather

based on common adaptations to environmental resources.

Moreover, bat biosonar is further shaped within the same

guild. Sympatric bat species change biosonar parameters,

such as frequency, duration, and bandwidth, allowing for

niche partitioning and avoiding competition for the same

limited resources (Siemers and Schnitzler, 2004; Denzinger

and Schnitzler, 2013). In contrast, toothed whales are com-

paratively understudied, and it remains unclear whether such
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adaptations have similarly shaped odontocete biosonar

source parameters given the general functional convergence

in bat and toothed whale biosonars (Madsen and Surlykke,

2013).

To date, studies on odontocete biosonar suggest four

signal types: multi-pulsed clicks produced by sperm whales

(P. macrocephalus) (Møhl et al., 2003); long frequency-

modulated clicks produced by beaked whales (Johnson

et al., 2004); narrowband high frequency (NBHF) clicks pro-

duced by a polyphyletic group of porpoises (Møhl and

Andersen, 1973), non-whistling delphinids (Kyhn et al.,
2009), pygmy sperm whales (Madsen et al., 2005), and the

Franciscana dolphin (Melcon et al., 2012); and, last, short

broadband transient clicks produced by whistling delphinids

(Au, 1993). With the exception of the NBHF species, whose

sonar signals are thought to have evolved in part as a form of

acoustic crypsis to avoid predation from killer whales

(Morisaka and Connor, 2007; Kyhn et al., 2013), mapping

the different biosonar signal types onto the odontocete phy-

logeny highlights that phylogeny plays an important role as

a primary determinant of signal type within toothed whales.

Size, too, appears an important factor in shaping basic bioso-

nar parameters. The increasing number of odontocete bioso-

nar studies indicates an overall inverse scaling of frequency

with body size (Au et al., 1999; Møhl et al., 2003; Kyhn

et al., 2009; Wahlberg et al., 2011a). Since the directionality

of a biosonar is determined largely by the frequency of the bio-

sonar signal relative to the size of the emitting aperture (Au,

1993; Madsen and Wahlberg, 2007), this inverse scaling of fre-

quency to size results in a relatively constant biosonar direc-

tionality across toothed whale species (Madsen and Surlykke,

2013). Consequently, this finding has led to the suggestion

that directionality is a major driving force for biosonar

frequency in both bats and toothed whales (Madsen and

Surlykke, 2013).

Recent studies have also demonstrated that toothed

whales, like bats, have a high level of dynamic control over

both the spectral composition and directionality of biosonar

signals (Moore et al., 2008; Wisniewska et al., 2012;

Wisniewska et al., 2015; Kloepper et al., 2014; Jensen et al.,
2015), allowing them to potentially adapt their biosonar per-

formance to different environmental conditions. A recent

study showed that toothed whales inhabiting shallow, acousti-

cally complex environments produced lower source level sig-

nals and higher repetition rates than similar sized oceanic

delphinids, suggesting a potential influence of environment

on biosonar search range and, thus, biosonar parameters

(Jensen et al., 2013). In addition to environmental adapta-

tions, species specific shifts in centroid frequency have been

observed in sympatric NBHF species, possibly reflecting

character displacement and hypothesized to facilitate species

recognition (Kyhn et al., 2013). However, no such biosonar

adaptations have been documented in sympatric broadband

transient species.

Therefore, to understand the influence of sympatric spe-

cies and shallow habitat on delphinid biosonar properties,

we recorded the biosonar signals of two free-ranging sympa-

tric delphinid species, the Australian humpback dolphin

(Sousa sahulensis) and the Indo-Pacific bottlenose dolphin

(Tursiops aduncus), within Exmouth Gulf, Western

Australia. S. sahulensis is a newly described delphinid spe-

cies (Jefferson and Rosenbaum, 2014) and its biosonar sig-

nals are essentially unknown. Both species grow to a similar

size of some 2.8 m and overlap in distribution within the

Gulf, but S. sahulensis are thought to prefer shallower

coastal waters (Parra et al., 2004). Using these two sympatric

species in the same habitat, we show that sympatric competi-

tion has little influence on the biosonar source parameters of

broadband transient species. Rather, source parameters emit-

ted by both species are comparable to similar sized delphi-

nids, suggesting that biosonar source parameters of

broadband transient species is possibly driven by body size.

II. MATERIALS AND METHODS

A. Recording site and platform

Recordings were carried out during daylight hours in

Exmouth Gulf (21.91�S, 114.15�E) North West Cape (NWC),

Western Australia, between Exmouth boat harbor and

Bundegi boat ramp. A 6 m steel-hulled research boat was used

as the recording platform from the 11th to 25th September,

2013. The littoral zone surrounding the NWC consists of a

shallow reef followed by a gently sloping sand bottom.

Animals were frequently found foraging on the reef or travel-

ing the length of the coast adjacent to it. Single species groups

were most common and occasional mixed-species groups

were always ignored. Depending on group behavior, animals

were approached and arrays deployed in different manners.

For traveling groups, the research boat was placed 100–200 m

ahead of the group’s projected travel path, engine and

echosounder switched off, and recording equipment promptly

deployed and initiated to record echolocation clicks as the

group approached the boat. Milling and feeding groups were

slowly approached, engine and echosounder switched off, and

recording equipment deployed and initiated once within

20–50 m of individuals. Immediately after a recording was

initiated, start time, group behavior, group size, and subse-

quent end time were all noted for each event. Only single spe-

cies groups were recorded. The arrival of a new species in the

recording area resulted in the termination of the recording ses-

sion and a search for a new isolated group. Recordings were

terminated either (1) once animals were out of recording

range (�100 m), (2) no echolocation was seen on the record-

ing screen for�3 min, or (3) another species came into the re-

cording area (500 m from array). Due to the length of the

array, recordings were limited to depths >5 m, representing

the area of water adjacent to the reef.

B. Recording equipment

A dedicated vertical array of seven Neptune Sonar D/

140 spherical hydrophones (Neptune Sonar Ltd., East

Yorkshire, UK) was custom built on a 14 m, 16 wire single

cable (Cortland Cable Company, Cortland, NY). The hydro-

phones were soldered to breakouts, with 0.6 m spacing

between each hydrophone, along one end of the cable, start-

ing 0.4 m in. A clear Plexiglas cylinder was placed around

the breakout and electronics, and subsequently filled with
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polyurethane while the hydrophone element extended out

from the cylinder parallel to the array cable.

The array was suspended from a surface buoy with the

first hydrophone positioned at 1 m depth, and the last at

4.6 m, following the 0.6 m spacing. A 3 kg weight was

attached to the bottom, 0.4 m below the final hydrophone, in

order to maintain the array as linear as possible within the

water column. For recordings, the array was connected to a

custom-made eight-channel amplifier and filtering box

(1-pole 1 kHz high pass, 4-pole 180 kHz low pass, 20 dB

gain), which then connected to a National Instruments USB-

6356 analog-to-digital converter (National Instruments, Austin,

TX) with a sampling rate of 500 kHz and 16 bit resolution. The

recording chain had a resulting clip level of 204 dB re 1 lPa, as

set by the maximum voltage of 65 V in the analog to digital

converter. The recording chain was connected to a Dell (Round

Rock, TX) laptop, via USB (universal serial bus), where a

custom-made recording programme (LabView, Metrotech,

Denmark) was used for data acquisition. All recordings were

manually started and ended, with files stored every 30 s.

The hydrophones were calibrated individually against a

Reson TC-4034 hydrophone (Teledyne RESON A/S,

Slangerup, Denmark) and an average frequency response of

the Neptune D/140 (Neptune Sonar Ltd., East Yorkshire,

UK) and the amplifier-filter box was determined in the range

of 80–180 kHz, with the profile outside of this range set to 1.

Before analysis, recorded clicks were corrected for the

hydrophone frequency response by dividing the complex

spectra with the average frequency profile and then back

transforming the result into the time domain. The resulting

effective frequency response of the array was then flat within

62 dB from 1 to 200 kHz.

C. Click analysis

Prior to analysis, recordings were visually inspected in

Adobe Audition 3.0 (Adobe Systems Incorporated, CA).

Files with echolocation signals were isolated and labeled

accordingly, while files with a low signal-to-noise ratio or

lack of signal were omitted from further analysis.

Interference from overlapping click trains of multiple individ-

uals did not appear to pose a problem for any of the

S. sahulensis recordings, and were easily distinguishable dur-

ing the extraction process in the few T. aduncus recordings in

which they occurred. A standard detection threshold, the level

above noise where all relevant peaks can be detected, was set

for each species and used in the click analysis procedure.

Click analysis was carried out with a custom written click

extraction and analysis toolbox for delphinid echolocation

clicks (Biosonar array toolbox, F. H. Jensen) in MATLAB 7.0

(Mathworks, Inc., Natwick, MA). An automated click detec-

tor identified echolocation clicks on the central hydrophone

whenever the signal envelope exceeded a detection threshold

of 150 dB re 1 lP. Each detected click was localized and fur-

ther analyzed if present on all seven hydrophones.

D. Localization

The source of each click was localized acoustically

using a least-squares solution of time-of-arrival differences

(TOADs) (Madsen and Wahlberg, 2007). Individual

TOADs for each pair of hydrophones were estimated by

cross-correlating the signal recorded on the central hydro-

phone with the signal received on the remaining hydro-

phones. Differences in arrival time for each pair of

receivers generated a hyperbolic curve that represented the

possible location of the source. Additional receivers pro-

duced more hyperbolic curves where the source of the sig-

nal should, ideally, be restricted to the intersection of the

different curves (Wahlberg et al., 2001). The seven

receivers generated an over-determined system that was

solved with a least squares method and resulted in an esti-

mate of the unknown source position (Madsen and

Wahlberg, 2007).

The localization accuracy of the array was calibrated in

Aarhus Harbour, Denmark. A 2-cycle 80 kHz sine burst

pulse was produced by a random waveform generator (model

33220A, Agilent Technologies, CA) and emitted from an

HS70 hydrophone (Sonar Research and Development Ltd,

Beverly, East Yorkshire, UK). Pulses were emitted at the

depth of the middle hydrophone, 2.8 m, and at a horizontal

range from 10 m to 60 m. The speed of sound for the calibra-

tion period was calculated using measured water temperature

and salinity values in the Leroy equation. The range within

which the transmission loss root-mean-square (rms) error

relative to the known range was <3 dB was considered a

reliable localization range, and all T. aduncus and S. sahu-
lensis clicks recorded beyond the precise localization range

were omitted from further analysis.

Localization calibrations of the recording array (Fig. 1)

showed that clicks could be localized with a transmission

loss rms error <3 dB out to 60 m from the seven element

array with a corresponding 3.6 m aperture. As a result, only

clicks recorded within 60 m from the array were used for fur-

ther analysis.

FIG. 1. Localization accuracy of a 3.6 m aperture seven element array.

(Top) Mean localized range and standard deviation for (N) number of meas-

urements made at each distance against the true range. The expected local-

ized range at a given distance is depicted by the broken line. (Bottom)

Transmission loss rms error, expressed in dB, of the localization procedure

as a function of range. Broadband clicks could be localized with a 63 dB

error on source level estimates out to 60 m. Therefore, only clicks localized

within this range were used in this study.
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E. Source parameters

As a consequence of the high directionality of odonto-

cete clicks, clicks recorded off acoustic axis are not only

prone to distortion, but can result in much lower apparent

source level (ASL) and parameters than those recorded on-

axis (Au, 1993; Madsen and Wahlberg, 2007) posing a prob-

lem when assessing sonar potential. Therefore, in order to

ensure that only clicks recorded as close to the acoustic axis

as possible were used in the analysis, a set of established cri-

teria (Madsen and Wahlberg, 2007; Kyhn et al., 2009) was

implemented to determine on-axis clicks. Due to the boat-

shy and skittish nature of S. sahulensis, long recordings

where individuals properly investigated the array were not

possible for this species. Clicks were identified as on-axis if

(i) they were successfully localized within 60 m range (the

localization range corresponding to a maximum 3 dB source

level error: Fig. 1), (ii) they were part of a scan—a series of

clicks consisting of a minimum of five, which first increase

and then decrease in amplitude, indicative of an animal pass-

ing its acoustic beam across the array, (iii) the click had the

highest amplitude within a scan, (iv) the highest amplitude

across hydrophones was recorded by either of the inner

hydrophones rather than by the outer hydrophones (vertically

on-axis), and (v) reflections were of lower amplitude than

the direct click.

For each click identified as on-axis, source parameters

were derived sensu Au (1993) and Madsen and Wahlberg

(2007). Interclick intervals were computed from the time

interval between the peak envelope of adjacent clicks. Clicks

were high pass filtered at 10 kHz to exclude low frequency

electrical noise. The power spectrum of recorded clicks was

calculated as the squared fast Fourier transform (FFT) of a

320-point Hanning window centered on the mean energy of

the envelope, resulting in a factor 10 Sinc interpolation.

Both peak frequency, defined as the center frequency of the

band in the spectrum with the highest amplitude, and cent-

roid frequency, defined as the point dividing the spectrum

into equal energy halves (Madsen and Wahlberg, 2007),

were determined from the normalized power spectrum. The

3 dB, 10 dB, and rms bandwidths were also computed from

the spectrum. The Q factor of each click, defined as the ratio

of the centroid frequency to the rms bandwidth, was com-

puted and provided an indication of how broadband the pro-

jected signals were (Au, 1993, 2004). Finally, the click

waveform was interpolated with a factor 10 (linear interpola-

tion) and the duration of the signal was determined by the

time interval between the �10 dB end points of the signal

relative to the peak of the signal envelope (Madsen and

Wahlberg, 2007). Extracted parameters for each species

were then tested for normality of distribution.

F. Source level estimations

The orientation of echolocating individuals with respect

to the array was not known in this study. ASLs, defined as

the back-calculated sound pressure level at one meter in any

direction from the source (Møhl et al., 2000; Wahlberg

et al., 2011b), were therefore computed following the equa-

tion: ASL¼RLþTL, where RL is the peak-peak (pp)

received level. Transmission loss (TL) was estimated from

spherical spreading and absorption (a) loss at the given range

(R) following: TL¼ 20 log(R)þ aR. The absorption coeffi-

cient, a, of 0.025 dB m�1 was calculated using an average

water temperature of 23 �C and a centroid frequency of 90

kHz. Peak-peak ASL (dB re1 lPa, pp), measured from the

maximum and minimum peak pressures of the waveform,

and energy flux density (EFD) ASL, calculated from the sum

of squared sound pressure values within the 10 dB time win-

dow, were both computed for this study (Madsen and

Wahlberg, 2007; Jensen et al., 2013).

III. RESULTS

Throughout the 14-day study period, a total of 27

S. sahulensis approaches were recorded, resulting in 3 h and

22 min of recordings. From these, a total of 1572 clicks were

detected, 42 of which were considered to be on-axis follow-

ing the predefined criteria. For T. aduncus, 12 recorded

approaches yielded 2 h and 12 min of recordings where 5573

clicks were detected, 58 of which were classified as being

on-axis.

S. sahulensis group sizes ranged from one to five individ-

uals, with calves occasionally present, whereas T. aduncus
groups ranged from two to ten individuals, with calves also

occasionally present. Groups of both species were most com-

monly encountered in traveling modes along the coast, with

milling and feeding groups seen periodically. Population

structure of either species in the area is currently unknown

and, therefore, identification of recorded individuals is not

possible at present. As groups were at times re-approached to

ensure successful recordings, it is possible that some individ-

uals may have been recorded more than once.

Both species produced broadband transient clicks (Fig. 2)

of equally short duration (15 6 2 ls and 14 6 2 ls for

S. sahulensis and T. aduncus, respectively), with S. sahulensis
using marginally longer interclick intervals (ICIs) (79 6 33 ms)

than T. aduncus (73 6 29 ms). The corresponding mean EFD

source level for S. sahulensis was 141 6 3 dB re 1 lPa2 s and

146 6 5 dB re 1 lPa2 s for T. aduncus. ASLs (pp) were lower

for S. sahulensis (199 6 3 dB re 1 lPa pp) than T. aduncus
(204 6 4 dB re 1 lPa pp) (Table I). The power spectra of on-

axis clicks appear unimodal with particular emphasis between

120 kHz and 130 kHz for both species (Fig. 2). However,

occasional bimodal spectra are also present in both species,

particularly in T. aduncus. The steep decline in the power

spectra around 180 kHz is attributed to the steep low pass filter

of the recording system. Centroid frequencies of S. sahulensis
were lower than those of T. aduncus (106 6 11 kHz and

112 6 19 kHz, respectively) and S. sahulensis displayed

marginally narrower rms bandwidths (29 6 4 kHz) than

T. aduncus (34 6 3 kHz). Consequently, S. sahulensis displayed

a higher Q factor than T. aduncus.
The test for normality of distribution showed that all

residuals were normally distributed. The distribution of cent-

roid and peak frequencies, as well as rms bandwidth, for both

species can be seen in Fig. 3. Monte Carlo permutation tests

for equal median without replacement (n¼ 5000) (Manly,

2007) showed that peak frequencies and rms bandwidth varied
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significantly between the two species (p< 0.001 for both), but

with no significant difference between click centroid frequen-

cies (p¼ 0.1440). Centroid frequencies for both species

increased �1 kHz (T. aduncus: a¼ 0.84; S. sahulensis:
a¼ 1.09) per 1 dB increase in ASLpp (Fig. 4), and regression

lines were significantly different from 0 (T. aduncus:
p¼ 0.0020; S. sahulensis: p¼ 0.0384). However, r2 values

were very low and account for little of the variation (T.
aduncus: r2¼ 0.17; S. sahulensis: r2¼ 0.10). ICI and source

levels were plotted as a function of range to test whether either

species exhibited range locking or automatic gain control (Fig.

5). Both species decreased ICIs as a function of decreasing

range (T. aduncus: a¼ 0.78; S. sahulensis: a¼ 0.56), but with

very low r2 values (T. aduncus: r2¼ 0.09; S. sahulensis:
r2¼ 0.03). T. aduncus and S. sahulensis both exceeded the two

way travel time (TWT) and only T. aduncus showed a regres-

sion line significantly different from 0 (p¼ 0.0182). Source

levels of both species increased as a function of range.

Regression lines were significantly different from 0 (p< 0.001

for both) and S. sahulensis displayed a larger increase in ASL

(dB re 1 lPa pp) per increasing log unit of range (T. aduncus:
a¼ 10.61, r2¼ 0.23; S. sahulensis: a¼ 20.18, r2¼ 0.47). An

unrestricted permutation of observations (n¼ 5000) (Manly,

2007) highlighted source levels as being significantly different

FIG. 2. Time domain and power spectrum of on-axis echolocation clicks from Sousa sahulensis and T. aduncus. Signal waveforms of the five clicks with the

highest source level are plotted for each species (centered to the peak of the signal). Adjacent are the corresponding individual power spectra of all on-axis

clicks (grey lines) with average power spectrum (black line) overlaid. (Sampling rate 500 kHz, FFT size 32-points, Hanning window, interpolation factor of

10, normalized around the mean of the spectrum.)

TABLE I. Mean (6standard deviation) echolocation source parameters of Sousa sahulensis and Tursiops aduncus.

Humpback dolphin (Sousa sahulensis) Bottlenose dolphin (Tursiops aduncus)

Parameters Mean (6standard deviation) Range Mean (6standard deviation) Range

ASLpp (dB re 1 lPa pp) 199 (63) 194–208 204 (64) 193–214

ASLrms (dB re 1 lPa rms) 189 (63) 183–198 195 (64) 183–204

ASLEFD (dB re 1 lPa2 s) 141 (63) 136–149 146 (65) 134–156

D�10 dB duration (ls) 15 (62) 10–20 14 (62) 10–19

Centroid frequency (kHz) 106 (611) 86–125 112 (69) 82–129

Peak frequency (kHz) 114 (612) 86–135 124 (613) 53–141

�3 dB bandwidth (kHz) 59 (618) 42–114 62 (617) 40–108

�10 dB bandwidth (kHz) 116 (620) 86–163 140 (617) 92–178

rms. bandwidth (kHz) 29 (64) 24–39 34 (63) 29–40

Qrms 3.7 (60.7) 2.6–4.7 3.3 (60.4) 2.3–4.3

Range (m) 32 (610) 24–60 26 (610) 9–55

N 42 54
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between the two species (p< 0.001) and significantly depend-

ent on range (p¼ 0.0062). The interaction between species

and range, however, was not significant (p¼ 0.062).

IV. DISCUSSION

Despite the role of echolocation as a key sensory modal-

ity, the evolutionary pressures that define the variation in

toothed whale biosonar parameters remain largely unknown.

More specifically, there is a paucity of knowledge on how

sympatric delphinids and local environments have shaped

the evolution and operation of biosonar source parameters in

toothed whales. In an attempt to address this, we identified

two small delphinids of similar phylogeny inhabiting the

same shallow coastal environment, and to test the hypothesis

that, similarly to bats, habitat and sympatric species competi-

tion will provide the greatest influence in shaping toothed

whale biosonar source parameters.

The present study provides the first high-quality multi-

hydrophone array recording of S. sahulensis. Free-ranging

S. sahulensis emitted short-duration (�15 ls), broadband (Q
factor of 3–4) echolocation clicks (Fig. 2), characteristic of

all whistling delphinids (Au, 1993). The source levels of

S. sahulensis in this study are 17 dB higher than those previ-

ously reported for the sister species, Sousa chinensis. Kimura

et al. (2014) measured source levels from S. chinensis of

FIG. 3. Histogram of peak frequency, centroid frequency, and rms bandwidth for on-axis clicks of both species. Binwidths for both peak and centroid frequen-

cies are 5 kHz, while binwidth for rms bandwidth is 2 kHz.

FIG. 4. Centroid frequency of on-axis clicks as a function of source level (pp).

Clicks of both species increase in centroid frequency with increasing SLpp.

Linear regression of S. sahulensis (black) is significant from a slope of 0

(p¼ 0.0384) with the equation fc¼ 0.109SLpp �110 and r2¼ 0.10. T. aduncus
(grey) linear regression has the equation of fc¼ 0.84SLpp �60 with an r2

value of r2¼ 0.17. It is also significant from a slope of 0 (p¼ 0.002).

FIG. 5. ICI and source levels as a function of range. (Top) ICIs as a function

of range from the array. The broken black line represents the TWT if both

species were focusing on the array. Linear regression line of S. sahulensis
has the equation ICI¼ 0.56Rangeþ 60 with a fit of r2¼ 0.03. It is not signif-

icantly different from 0 (p¼ 0.2003). The linear regression line for T. adun-
cus has the equation ICI¼ 0.78Rangeþ 53 and a fit of r2¼ 0.09, and is not

significantly different from 0 (p¼ 0.0182). (Bottom) Source levels as a func-

tion of log range from the array. The two pools of S. sahulensis data at both

extremes of the trend line are what have given rise to a sharper increase in

SL with increasing range. The regression line of S. sahulensis has the equa-

tion SL¼ 20 log Rangeþ 169 and a fit of r2¼ 0.47. The regression line for

T. aduncus is SL¼ 11 log Rangeþ 190 with a fit of r2¼ 0.23. Both regres-

sion lines are significantly different from 0 (p< 0.001).
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�182 6 7 dB re 1 lPa (pp), which is lower than the minimum

source levels reported here. However, Kimura et al. (2014)

had technical limitations including a limited frequency range

and low clipping level. This may have resulted in clicks with

high source levels being excluded and, conversely, the inclu-

sion of low source level buzz clicks in the analysis.

Small but statistically significant variation was found

between the source levels, peak frequencies, and rms band-

widths of S. sahulensis and T. aduncus. These parameters

are intrinsically linked and ultimately behavior dependent.

Increasing source levels result in greater levels of energy at

high frequencies, which, in turn, increases the bandwidth

and gives rise to the positive correlation between centroid

frequency and source level (Fig. 4). The significantly higher

peak frequency and rms bandwidth measured in T. aduncus
may, therefore, be a consequence of the higher source levels

recorded for this species. Source levels are, in turn, highly

behavior dependent. Lower source levels are known to be

produced at close target ranges and in foraging situations

(Au and Benoit-Bird, 2003; Au, 2004; Jensen et al., 2009)

(Fig. 5). While we did find lower source levels for S. sahu-
lensis compared to T. aduncus, there was significant overlap

in the range of values, and it is difficult to say, if the differ-

ences we found may be due to uncontrollable behavioral dif-

ferences. Nevertheless, results suggest that in contrast to

NBHF species (Kyhn et al., 2013) acoustic character dis-

placement is less important for these two sympatric delphi-

nids as no significant difference was found between emitted

centroid frequencies. One important explanation for this is

that the spectral content of a broadband delphinid echoloca-

tion click is linked to other source properties such as source

level and directionality (Au, 1993; Madsen et al., 2013;

Finneran et al., 2014). This means that dynamic changes in

the acoustic gaze (Au et al., 1995; Wisniewska et al., 2012;

Jensen, et al., 2015) may result in, or require, spectral

changes to the outgoing signals. Perhaps more importantly,

the spectrum of a broadband click is strongly affected by the

off-axis angle (Wahlberg et al., 2011b; Au et al., 2012).

Successful spectral discrimination, despite large changes in

frequency depending on aspect and behavior, is likely to

require a relatively large difference in frequency (Ibsen

et al., 2013). Such a change would interfere with biosonar

operation by changing directionality and, hence, the detec-

tion range of prey, rendering character displacement undesir-

able in species that emit broadband echolocation signals.

Furthermore, delphinid species that rely on broadband bioso-

nar clicks for echolocation also use frequency-modulated

whistles for mediating social interactions, and may rely on

these for species recognition (Soto et al., 2014). It should

also be noted that species in the present study are often

found in mixed species groups (Brown et al., 2012), high-

lighting that it may be very challenging or impossible from a

passive acoustic monitoring perspective to discriminate cor-

rectly between species in these sympatric delphinids.

The different environments inhabited by odontocetes

may provide constraints on biosonar operations and have

been hypothesized to influence biosonar parameters.

Whereas species inhabiting open oceanic waters are likely

limited by noise, those in shallow waters likely negotiate a

more complex acoustic scene in close proximity to surfaces

and vegetation. The detection range of these species is,

therefore, likely to be limited by clutter and reverberation

(Jensen et al., 2013). If habitat-specific limitations are cor-

rect, we can make two predictions about source parameters.

First, the echo-to-clutter or echo-to-reverberation ratio is not

improved by increasing the outgoing source level, meaning

that echolocating animals in a clutter-limited scenario may

not increase detection range by increasing source level.

Thus, animals in shallow habitats would be expected to use

lower source levels than animals in open-ocean environ-

ments where higher source levels would mean longer prey

detection range. Second, to avoid confusing a returning echo

from echoes produced by subsequent clicks (range ambigu-

ity), echolocating species typically wait a time period that

exceeds the TWT to the target and back, before emitting sub-

sequent clicks (Au, 1993; Wisniewska et al., 2012). Animals

that are limited to shorter echolocation distances would,

therefore, be expected to produce clicks at faster repetition

rates.

Both species presented here produced ICIs longer than

those reported for riverine species, such as Irrawaddy or

Ganges River dolphins (Jensen et al., 2013), but shorter than

ones produced by oceanic species [Atlantic bottlenose dol-

phins (Tursiops truncatus): 80–120 ms, Wahlberg et al.,
2011b]. The minimum and maximum ICI values produced

by both T. aduncus and S. sahulensis illustrate the flexibility

in repetition rates and, therefore, search ranges. A range de-

pendent decrease in ICIs was found for both species as ICIs

exceeded the TWT (Fig. 5). The low r2 values of the two

species (T. aduncus: r2¼ 0.09; S. sahulensis: r2¼ 0.03) indi-

cate a high level of spread in the data, and likely highlight

that individuals may not have been focusing on the array,

but rather beyond it. However, it may also be due to a longer

time being required to process the acoustically complex

environment. Overall, both species’ ICIs are comparable to

those previously reported for T. aduncus foraging in a simi-

lar habitat (median: 52 ms, Jensen et al., 2009), suggesting a

reduced search range and a demand for fast update rates for

successful orientation and navigation in such shallow com-

plex environments.

Parallel with short ICIs, echolocating animals in shallow

water seem to emit clicks with reduced levels as seen in

Irrawaddy dolphins [195 6 4 dB re 1lPa (pp)] and Ganges

River dolphins [183 6 3 dB re 1lPa (pp)] (Jensen et al.,
2013), indicating reduced search ranges in an acoustically

complex environment. Both species studied here produced

peak to peak source levels higher than those observed for

riverine species, Irrawaddy dolphin, and Ganges River dol-

phin, likely due to the less acoustically complex coastal hab-

itat. The present source levels are consistent with those

found by Wahlberg et al. (2011b) for T. aduncus in a similar

habitat [205 6 7 dB re 1 lPa (pp)], but lower than source lev-

els produced by similar sized deep water delphinids [oceanic

bottlenose dolphin (Tursiops truncatus): 212 dB re 1 lPa

(pp), Wahlberg et al., 2011b; white beaked dolphins

(Lagenorhynchus albirostris): up to 219 dB re 1 lPa (pp),

Rasmussen et al., 2002; and spotted dolphins (Stenella fron-
talis): up to 223 dB re 1 lPa (pp), Au and Herzing, 2003],
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suggesting imposed constraints of different habitats on

source levels by rendering high levels futile in cluttered

environments.

Toothed whales have also been shown to decrease

source levels and ICIs with decreasing target range as a

means of maintaining echo levels constant (Au and Benoit-

Bird, 2003; Jensen et al., 2009; Wisniewska et al., 2012) and

producing a simpler auditory scene for processing and evalu-

ation. In addition to the observed decrease in ICIs, both spe-

cies studied here showed an apparent reduction in source

levels with decreasing range (T. aduncus: 11 log Range;

S. sahulensis: 20 log Range; Fig. 5). The lack of statistical

significance of the interaction term between species and

range suggests no differences in the way the two study spe-

cies decrease source levels with range. The observed differ-

ence in coefficient may, therefore, be due to the clustering of

data points at the extreme ends of the line which pull the line

artificially. Furthermore, a lot of variability is present in the

data as indicated by the low r2 values (T. aduncus: r2¼ 0.23;

S. sahulensis: r2¼ 0.47). This may suggest that individuals

studied here do not always show range adjustments in the

form of a range dependent, cognitive gain control (Au and

Benoit-Bird, 2003; Jensen et al., 2009; Kloepper et al.,
2014) due to the already low levels utilized in this clutter

limited environment. Alternatively, the animals may not

have locked their biosonars on the array, but happened to

scan it while focusing on a different target. In spite of this,

our results appear to support the hypothesis that habitat will

influence biosonar source parameters through different selec-

tion pressures imposed by local acoustic properties. More

specifically, odontocetes inhabiting cluttered shallow water

environments will tend to produce lower source levels than

similar sized deep-water delphinids as a likely consequence

of limitations on detection range due to clutter.

It is becoming increasingly evident that odontocete bio-

sonar behavior is very dynamic. Echolocating toothed

whales readily adjust their acoustic sampling of the environ-

ment through changes to biosonar update rate, output level,

and beam width (Wisniewska et al., 2012, 2015; Finneran

et al., 2014; Kloepper et al., 2014). Increasing repetition

rates lead to a higher temporal resolution of their auditory

scene and the simultaneous reduction in output levels

reduces the ensonified range and, therefore, number of ech-

oes detected (Wisniewska et al., 2012), allowing echolocat-

ing animals to successfully navigate complex environments.

Sympatric competition appears to play a very small role in

driving biosonar signal parameters for delphinids with a

broadband biosonar. The high level of control over biosonar

source properties, combined with the strong off-axis distor-

tion encountered by nearby odontocetes may explain why

this would not be a very reliable cue for species identifica-

tion. To attribute signal diversity purely to habitat shaping

may be tempting, but the apparent convergence of all odon-

tocetes on a high directionality suggests that biosonar param-

eters may mostly be driven by the inverse scaling of

frequency to body size. To further ascertain the role of habi-

tat and scaling in driving biosonar diversity, additional stud-

ies on species recorded across several diverse habitats, or of

individuals moving between different habitats, would

provide a powerful comparison and help separate the effects

of phylogeny, habitat, and body size as the drivers of diver-

sity in biosonar parameters and operation.
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