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ABSTRACT: Increasing numbers and speeds of vessels in areas with populations of cetaceans may
have the cumulative effect of reducing habitat quality by increasing the underwater noise level.
Here, we first use digital acoustic tags to demonstrate that free-ranging delphinids in a coastal deep-
water habitat are subjected to varying and occasionally intense levels of vessel noise. Vessel noise
and sound propagation measurements from a shallow-water habitat are then used to model the
potential impact of high sound levels from small vessels on delphinid communication in both shallow
and deep habitats, with bottlenose dolphins Tursiops sp. and short-finned pilot whales Globicephala
macrorhynchus as model organisms. We find that small vessels travelling at 5 knots in shallow water
can reduce the communication range of bottlenose dolphins within 50 m by 26 %. Pilot whales in a
quieter deep-water habitat could suffer a reduction in their communication range of 58 % caused by
a vessel at similar range and speed. Increased cavitation noise at higher speeds drastically increases
the impact on the communication range. Gear shifts generate high-level transient sounds (peak-—
peak source levels of up to 200 dB re 1 pPa) that may be audible over many kilometres and may dis-
turb close-range animals. We conclude that noise from small vessels can significantly mask acousti-
cally mediated communication in delphinids and contribute to the documented negative impacts on
animal fitness.
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INTRODUCTION

Marine organisms are exposed to an array of human
pollutants, including increasing levels of anthropo-
genic noise (Nowacek et al. 2007, Weilgart 2007, Tyack
2008). Most marine vertebrates exploit the low absorp-
tion of sound underwater to acquire information about
their environment and to communicate (Tyack & Miller
2002, Popper 2003, Montgomery et al. 2006). Ceta-
ceans, in particular, have evolved auditory and sound
production systems that allow them to use sound for a
series of vital processes, including communication,
navigation and detection of predators or prey (Au
1993). This makes cetaceans susceptible to the nega-
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tive effects of man-made noise if the exposures cause
behavioural or physical changes or impede the process
of conveying or acquiring information acoustically
(Richardson et al. 1995).

The most widespread source of anthropogenic
underwater noise is that of motorized vessels, which
includes shipping and increasing numbers of recre-
ational and whale-watching boats (NRC 1994, 2003,
McCarthy 2004). Vessels generate underwater noise
from mechanical vibrations of the engine or hull, but
most of the medium- and high-frequency components
of vessel noise stem from cavitation, a phenomenon
whereby air bubbles form and collapse on the edge of
fast-moving propeller blades (Ross 1976). The level of
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cavitation noise increases with the speed of the pro-
peller and therefore also with the speed of the vessel
(Arveson & Vendittis 2000). Since cavitation noise is
very broadband, it overlaps with the frequency range
of many cetacean sounds (e.g. Aguilar Soto et al. 2006).
Given that detection of an acoustic signal is ultimately
limited by the ambient noise levels in the same fre-
quency band as the signal, introducing broadband
anthropogenic noise into the environment will de-
crease the chance of detecting a signal and thus mask
the signal for the receiver (Gelfand 2004). If features
within the signal convey information, it may be impor-
tant to receive the full signal with an adequate signal-
to-noise ratio to recognize the signal and resolve the
essential features (Brumm & Slabbekoorn 2005). As
ambient noise or transmission range increases, infor-
mation will be lost at the receiver, ranging from subtle
features to complete failure to detect the signal
(Gelfand 2004). Consequently, the active space in
which animals are able to detect the signal of a conspe-
cific (Marten & Marler 1977) will decrease with
increased masking noise.

In many coastal areas, motorized vessels used for
various purposes may constitute an important source of
disturbance for cetacean populations. As motorized
vessels become faster and more widespread, they con-
tribute significantly to the ambient noise level at the
communication frequencies used by many marine ani-
mals (Haviland-Howell et al. 2007). Given the high and
increasing number of vessels in many habitats of
importance for marine mammals (McCarthy 2004),
there is a pressing need to study the impact of boating
activity on cetaceans and to quantify the mechanisms
behind these impacts (NRC 2005).

Whale-watching vessels constitute a particular type
of vessel traffic that deserves special mention because
these vessels actively approach and congregate
around specific cetacean populations. Whale-watching
is a growing industry with significant socioeconomic
implications for coastal communities in >119 countries
(O'Connor et al. 2009). Even though whale-watching
has often been termed benign (Hoyt 1993), attention
has recently focused on the potential disturbance of
cetaceans targeted by this industry. Varying degrees of
behavioural changes in cetaceans linked to vessel
activities have been shown in short-term studies
(Richardson et al. 1995, Nowacek et al. 2001, Bejder &
Samuels 2003), and the effects of noise from whale-
watching vessels have been addressed (Au & Green
2000, Erbe 2002, Buckstaff 2004). However, interpreta-
tion of vessel impacts around cetaceans is often con-
founded by complex behavioural patterns, lack of
baseline data, correlations between fitness and the
ability to react (Stillman & Goss-Custard 2002, Beale &
Monaghan 2004), prior displacement of the most sensi-

tive individuals (Bejder et al. 2006a), and even by
biases introduced by the observation platform itself
(Bejder & Samuels 2003). A recent study has linked
long-term declines in dolphin abundance to an in-
crease in vessel activity (Bejder 2005, Bejder et al.
2006b). The study demonstrated that interpretation of
short-term studies may lead to erroneous conclusions
about the actual impact on cetaceans (Bejder 2005,
Bejder et al. 2006b). The International Whaling Com-
mission (IWC) has recently stated that ‘[t]here is com-
pelling evidence that the fitness of individual odonto-
cetes repeatedly exposed to whale-watching vessel
traffic can be compromised and that this can lead to
population level effects’ (IWC 2006, p. 47).

In the present study, we investigate under what cir-
cumstances the noise levels generated by small vessels
are sufficient to mask delphinid communication sig-
nals. We show that wild cetaceans are routinely
exposed to high noise levels from nearby vessels in the
frequency bands used for communication. We quantify
the source levels produced by 2 small vessels repre-
sentative of vessels used in recreation, research and
small-scale whale-watching, and estimate their poten-
tial to impact acoustic communication in 2 common
delphinid species.

MATERIALS AND METHODS

Vessel noise experienced by free-ranging short-
finned pilot whales. We deployed digital acoustic
recording tags (DTAGs; Johnson & Tyack 2003) on
short-finned pilot whales Globicephala macrorhyn-
chus (pilot whales hereafter) off the coast of Tenerife,
Canary Islands, Spain, during 2003 and 2005. The tags
sampled 16 bit audio at 96 kHz (2003) or 192 kHz
(2005). Several sequences of elevated noise levels from
vessels in the vicinity of tagged whales were identi-
fied. To document the variability of noise levels experi-
enced by free-ranging pilot whales, we quantified the
noise level of 2 sequences of background noise and 6
sequences of vessel noise in which the tagged whale
moved little and consequently produced little flow
noise. A 50 s window from each sequence, centred on
the point of highest noise intensity, was filtered (2 to
12.5 kHz, 4-pole Butterworth filter) and analysed in
1 s blocks for RMS (root mean square) noise level in
communication frequencies.

Background noise. We measured background noise
levels in 2 different habitats. Koombana Bay, Bunbury,
Western Australia (33°17'S, 115°39'E) was chosen as
representative of a shallow-water habitat close to
shore. The bay is close to a busy port and is often fre-
quented by recreational boats. Snapping shrimp con-
tribute significantly to the underwater noise levels in a
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broad frequency band in this habitat. A coastal bot-
tlenose dolphin population (Tursiops sp.) resides in and
around the bay, and a single dolphin-watching com-
pany operates a daily tour. We suspended a calibrated
B&K 8101 hydrophone with preamplifier (-184 dB re
1 V pPa! sensitivity) in mid-water (3 m depth), 50 m
from the recording vessel in Sea State 0 (glassy sea
surface). The hydrophone was connected through a
custom-built, low-noise amplification and filtering box
(40 dB gain, bandpass filter: 10 Hz to 50 kHz) to an
M-Audio Microtrack 24/96 compact-flash recorder
(calibrated peak clip level of 148 dB re 1 pPa), which
digitized and stored data in 96 kHz/16 bit WAV-format
files for later processing. Background noise measure-
ments were made when no boats were observed visu-
ally 5 min before and after each recording, and when
no cetaceans were detected either visually or acousti-
cally during the recordings.

An area off the SW coast of Tenerife in the Canary
Islands was chosen as representative of a deep-water
habitat. The water depth here falls rapidly to several
100s of metres close to the shore. Recordings of ambi-
ent noise were made at 2 to 4 km from the coast and at
a water depth of >1 km. A population of bottlenose
dolphins and >300 short-finned pilot whales residing
in this area (Heimlich-Boran & Heimlich-Boran 1990,
Heimlich-Boran 1993) are the subjects of a substantial
boat-based whale-watching industry. We used a cali-
brated Reson TC4032 hydrophone with preamplifier
(-172 dB re 1 V pPa! sensitivity) connected through a
filter and amplifier (40 dB gain, bandpass filter: 100 Hz
to 40 kHz) to a digital audio tape recorder (Sony DAT)
sampling at 48 kHz (calibrated peak clip level of
137 dB re 1 pPa). The hydrophone was lowered from
the recording platform to a depth of 3 m at Sea State 0.
Again, no other vessels or cetaceans were detected
visually or acoustically within several minutes of any
background noise recordings.

All data analyses were performed with custom-
written Matlab 6.5 scripts. One minute of background
noise for both habitats was divided into 60 non-
overlapping 1 s chunks and used to quantify the back-
ground noise and the variation resulting from using
short (1 s) chunks for analysis.

Vessel noise and transmission measurements. Mea-
surements of vessel noise were done in Koombana Bay
from 10 to 16 February 2007. Sound recordings were
made during early morning until noon with a Sea State
<2 (smooth sea surface). All measurements were con-
ducted approximately 270 m parallel to the coastin 5 to
7 m water. The bottom sloped evenly from the shore and
consisted of sand with occasional sea grass patches.

We investigated 2 small boats representative of ves-
sels involved in recreational boating, research activi-
ties and small-scale whale-watching. The first vessel

(hereafter termed '2-stroke’) was a 6.0 m aluminium-
hulled vessel equipped with a Mercury 2-stroke,
135-horsepower outboard engine. The second vessel
(hereafter termed '4-stroke') was a 5.0 m Quintrex alu-
minium-hulled vessel propelled by an outboard
Yamaha 4-stroke, 80-horsepower outboard engine.

Underwater ambient noise levels (the sum of vessel
noise and background noise) were recorded from in
front of the source (vessel approaching the recording
platform) and from the side of the source (vessel cir-
cling the recording platform). Each boat was recorded
at 3 speeds (2.5, 5 and 10 knots) and at 5 distances from
the recording platform (10, 30, 50, 100 and 200 m).
Marker buoys were moored for range estimation dur-
ing vessel approaches, and distance was confirmed by
measurements with a laser rangefinder. For measure-
ments of vessel noise, we suspended a linear array of
3 calibrated B&K 8101 hydrophones (0.5, 3 and 5.5 m
depths) from a buoy off the side of the recording ves-
sel. The hydrophones were connected through cus-
tom-built, low-noise amplification and filtering boxes
(variable gain, bandpass filter: 10 Hz to 50 kHz) to a
4-channel, 16-bit Wavebook sampling at 150 kHz. The
recording chain had a flat frequency response (+2 dB)
from 10 Hz up to 48 kHz and peak clip levels of 145 to
166 dB re 1 pPa, depending on amplification settings
and hydrophone. At the end of each day, we recorded
platform noise with no vessels close to the recording
platform to control for slight changes in background
levels from day to day.

To estimate transmission loss and back-calculated
source levels (SL) for continuous vessel noise, we fitted
the broadband (0.2 to 40 kHz, 4-pole Butterworth fil-
ter) received RMS sound pressure level from the 2 ves-
sels approaching or circling at 10 knots to a geometric
spreading loss model, SL — k x log(range), to estimate
k. Frequency-dependent absorption was ignored for
the low frequencies and short ranges considered here
(Urick 1983). Only recordings at 10 knots were used for
the transmission loss estimates to ensure a good signal-
to-noise ratio at all ranges. Source levels at speeds of
5 knots were calculated from received levels at 10 m
distance and corrected for the derived transmission
loss. Source levels were not estimated for 2.5 knots due
to low signal-to-noise ratio at this speed.

Recordings were analysed in 1 s windows centred at
the time when the vessel passed each of the marker
buoys. Selections were checked for interfering Tur-
siops sp. vocalizations, and noise levels were quanti-
fied as broadband RMS sound pressure (0.2 to 48 kHz)
and RMS sound pressure over the vocalization fre-
quency range (2 to 12.5 kHz, 4-pole Butterworth filter)
encompassing the frequency band of both model spe-
cies. Finally, we filtered (0.2 to 48 kHz, 4-pole Butter-
worth filter) and quantified transient sounds from gear
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shifts of vessels at each range by their peak-to-peak
pressures (dB re 1 pPap;) and sound exposure levels
(dB re 1 pPa? s7!) and back-calculated these to source
levels assuming spherical spreading for these transient
sounds (Urick 1983, Madsen et al. 2006).

Impact assessment. Auditory masking occurs when
the perception of one sound is affected by the presence
of another sound within the same auditory filter band
(Gelfand 2004). The mammalian auditory system is
usually approximated by a bank of one-third octave fil-
ter bands (Fay 1988). Filters with constant fractional
bandwidth are also used for toothed whales to model
the extent to which detection of pure tones will be
masked by noise, with 1/12 octave (Erbe 2002) to one-
third octave filter bands (Richardson et al. 1995, Mad-
sen et al. 2006) being applied depending on frequency
range. For all species where it has been investigated,
the critical bandwidth remains constant over a fairly
wide range of noise levels so that a 10 dB increase in
noise level will result in a 10 dB increase in the detec-
tion threshold of the signal (Lohr et al. 2003). In order
to make the present results comparable with the main
body of existing studies, we approximated the del-
phinid auditory system as a bank of one-third octave
filters for communication frequencies. The RMS sound
pressure in each one-third octave band is termed the
one-third octave level (TOL). For frequencies >2 kHz,
the detection thresholds reported for Tursiops spp.
(Johnson 1967) are all lower than background TOLs in
both habitats, meaning that detection of whistles in
bottlenose dolphins will be limited by ambient noise
rather than by the absolute hearing threshold. This
was also assumed for pilot whales since no audiograms
have been reported for this species.

In bottlenose dolphins, the fundamental whistle con-
tours seem to convey information between the animals
(Janik et al. 2006). Bottlenose dolphins use whistles
modulated between 4 and 20 kHz (Caldwell & Cald-
well 1969, Janik & Slater 1998), but fundamentals
>10 kHz were only rarely observed in Koombana Bay
(F. H. Jensen et al. unpubl. data). Consequently, we in-
cluded 5 one-third octave bands with centroid fre-
quencies from 4 to 10 kHz to estimate the potential
masking impacts on bottlenose dolphin communica-
tion. Fundamental frequencies of short-finned pilot
whale tonal sounds are reported to be between 2 and
14 kHz (Caldwell & Caldwell 1969) or between 6 and
11 kHz (Rendell et al. 1999). However, tagged pilot
whales residing around Tenerife regularly use tonal
sounds as low as 2 kHz (F. H. Jensen et al. unpubl.
data), and we therefore chose to model masking effects
on pilot whale communication over 9 one-third octave
bands with centroid frequencies from 2 to 12.5 kHz.
Frequency bands analysed for the 2 species are de-
picted in Fig. 2.

For both species, we assumed that: (1) the whistle is
modulated over the full frequency span and detection
of signal elements in all one-third octave bands is ulti-
mately limited by noise; (2) source level and funda-
mental frequency do not change in response to a
higher background noise level; (3) the animals have a
low receiving directionality at whistling frequencies
(Au & Moore 1984); and (4) the communication sounds
attenuate spherically according to 20 log(range) trans-
mission loss.

Following Madsen et al. (2006), we considered an
increase in the ambient TOL of >3 dB as being capable
of significantly masking a narrowband signal. This
threshold is reached when the sound intensity gener-
ated by a passing vessel equals or exceeds the sound
intensity of the background noise so that the total
power of the 2 noise components (expressed in deci-
bels) would be at least 3 dB greater than the back-
ground noise component alone. For any receiver, a
minimum signal-to-noise ratio (SNR) is necessary for
the detection and processing of a signal. An increase in
ambient noise means that the receiver has to be closer
to the source to maintain the same SNR and the active
space will consequently be smaller. Even when the
source level and absolute range of a communication
signal is unknown, the relative effect on range due to
an increase in in-band ambient noise can be estimated
(Mghl 1981, Aguilar Soto et al. 2006). For a narrow-
band signal processed by one-third octave filters, we
calculated how much closer a receiver would need to
be in order to maintain the same SNR using Eqgs. (1) &

(2):
Residual communication range = 10~TOLship~TOLBc/20 (1)

Communication range reduction =
1- (10—(TOLShip—TOLBG)/20) (2)

where TOLgy;, and TOLgg (dB re 1 pPagyg) are the
RMS sound pressures for ship noise and background
noise, respectively, measured in one-third octave
bands of the signal.

Since the signals of the 2 model species may be mod-
ulated over a range of species-specific frequencies, we
used 3 different statistics of the recorded vessel noise as
proxies to quantify the potential for masking whistles.
Measure A: The largest noise level increase in any of

the species-specific TOLs.
Measure B: The increase in broadband noise over the
full frequency range of the whistle.
Measure C: The smallest noise level increase in any of
the species-specific TOLs.

The 3 measures quantify a range of potential mask-
ing effects that may apply to communication sounds:
Measure A is an upper boundary estimate of the effect
of noise on signalling range. It implies that all the fre-



Jensen et al.: Vessel noise effects on delphinid communication 165

quency components of the whistle are necessary for
decoding the signal and that the range of the signal is
therefore limited by the frequency band most affected
by masking. Measure B considers the broadband in-
crease in masking noise over the full whistle frequency
band and so does not take into account narrowband
processing in the receiver. This measure is relevant if
the receiver operates as a band-limited energy detec-
tor. Measure C will result in the least quantifiable
effect on signal range and provides a lower boundary
on masking impact. It implies that the signal would still
be detected if all but the TOL was masked and the
range would therefore be determined by the fre-
quency band least affected by noise. This might be the
case if the simple detection of the whistle is sufficient
(i.e. if the frequency variation of the whistle does not
carry important information).

RESULTS
Vessel noise experienced by free-ranging pilot whales
Several sequences of elevated noise levels due to
nearby vessels were identified in tag data recorded on

pilot whales Globicephala macrorhynchus in Tenerife.
The waveform and spectrogram of a short example

sequence is shown in Fig. 1. The spectrum of this
sequence was broadband with noise energy extending
beyond 45 kHz (Fig. 1b), which was likely caused by
cavitating propellers. Within this short exposure, noise
levels increased by >20 dB within the frequencies that
pilot whales normally use for whistle communication,
but gradually decline to background noise levels again
(Fig. 1c). Other vessel noise extracts (50 s of each
sequence are plotted to compare their noise level with
the shorter sequence) demonstrate a great temporal
variability in the noise to which free-ranging cetaceans
are subjected. The highest in-band received levels
measured constitute an elevation of up to 55 dB above
background noise within communication frequencies
(Fig. 1c), an increase in noise level that was likely
caused by the local high-speed ferry.

Background noise

Background noise levels at frequencies >1 kHz were
found to be considerably higher in the shallow habitat
of Koombana Bay than in the deep-water habitat close
to Tenerife (Fig. 2). For frequencies >2 kHz, TOLs
derived from 1 s chunks in both habitats varied by less
than +2 dB (95 % confidence interval). Consequently,
masking impacts calculated from TOLs of 1 s noise

Received pressure

Frequency

Fig. 1. Noise exposure. Examples of
how short-finned pilot whales Globi-
cephala macrorhynchus with digital
acoustic tags off the coast of Tenerife
are exposed to varying degrees of ves-
sel noise. (a) Exemplary sequence of
short-duration (50 s) exposure to a
passing vessel, showing the received
pressure variation during a single ex-
posure. (b) Spectrogram (sample rate:
192 kHz; fast Fourier transform [FFT]
size: 8192 samples; 50% overlap)
showing the broad frequency range
covered during the brief exposure.
Levels are given in average noise
spectral density (dB re 1 pPa? Hz™). (c)
RMS (root mean square) received
level (RL) within the frequency band

Noise spectral density
(dB re 1 yPa? Hz")

of pilot whale whistles (filtered using a
4-pole, 2 to 12.5 kHz Butterworth fil-
ter) and calculated for 1 s blocks

In-band RL
(dB re 1 yPa[RMS])

Time (s)

(e} === Example sequence
10w === =g s mg =" Vessel noise levels
~ S=-—= === Background noise levels
-— e e o o -_— e o T A gy e Ew gy, [r—— -
100_--——_-—-_-----_-- -_— e =

throughout the 50 s exposure period of
the example sequence (black line).
Short 50 s extracts of longer-term
(>5 min total duration) noise expo-
sures show the variation in exposure
levels that the whales may be sub-
jected to (broken lines) compared to
the lower levels of background noise
(grey lines)
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Fig. 2. Background noise in 2 different habitats: the shallow-water habitat in
Koombana Bay is shown as spectral noise density (black solid line) and one-
third octave level (TOL) (mean and 95% confidence levels; black line with
crosses). Background noise levels in the deep-water area off Tenerife are also
shown as spectral noise density (grey line) and TOL (mean and 95 % confidence
levels; grey line with circles). Black and grey broken lines depict the one-third
octave frequency bands taken as representative for bottlenose dolphin Tursiops
sp. and pilot whale Globicephala macrorhynchus whistle communication in
the present study

Miller 2006). Transmission loss in the
deep-water habitat off Tenerife was
assumed to be spherical as the depth
here was much greater than the mod-
elled distances.

Vessel noise

The broadband (0.2 to 40 kHz) back-
calculated source level (Table 1) and
TOLs (Fig. 3) for approaching vessels
depended primarily on speed. At
speeds of 2.5 knots, measured noise
levels in some one-third octave bands
were comparable to the background
noise levels (Fig. 3), and source levels
were not estimated for these speeds.

Received vessel noise in the fre-
quency band between 2 and 12.5 kHz
was only slightly influenced by the ori-
entation or type of the boat or the depth
of receivers. Noise levels were signifi-
cantly higher when the receiver was to
the side of the circling source vessel
than when it was in front of the ap-
proaching vessel (Wilcoxon signed-
rank test, N=12, T=39, p =0.0005), but
the mean difference in level was only

samples will also have a +2 dB uncertainty. This was
taken into account during subsequent impact assess-
ment by limiting significant impacts to those caused by
a TOL increase of >3 dB.

Transmission loss

Transmission loss of continuous vessel noise in
Koombana Bay followed an almost cylindrical spread-
ing model (log-linear regression: 12.8 dB per decade,
95% confidence interval: 10.8/13.5, df = 18) as
expected for long-duration sounds propagating in a
shallow-water habitat (Urick 1983, Miksis-Olds &

3 dB. There was a tendency for the 2-stroke engine to
emit more noise in the whistle frequency band than the
4-stroke engine (Wilcoxon signed-rank test, N=12, T=
25, p = 0.0503, mean difference = 1.4 dB). Noise levels
on the top hydrophone were slightly lower than on the
middle and bottom hydrophone, with mean differences
of 1.2 and 1.3 dB, respectively.

Impact assessment

Given the strong similarity across vessel type and
orientation, we averaged the impact assessments for
the 2 vessels to give a simpler and more general rep-

resentation of the data. The ranges of
quantifiable masking impacts are

Table 1. Back-calculated root mean square (RMS) source levels (SL; means =+
SD) quantified as broadband energy (0.2 to 40 kHz) and energy in the frequency
band of pilot whale Globicephala macrorhynchus whistles (2 to 12.5 kHz)

SL (0.2-40 kHz)
dB re 1 pPagys at 1 m

SL (2-12.5 kHz)
dB re 1 pPagys at 1 m

Vessel, speed

2-stroke, 5 knots 139 £ 1.0 132 £ 3.0
4-stroke, 5 knots 138 +2.6 134 +2.2
2-stroke, 10 knots 149 + 0.6 146 + 0.6
4-stroke, 10 knots 152 +0.3 144 + 0.5

shown for both bottlenose dolphins
Tursiops sp. in a shallow area (Fig. 4a)
and pilot whales Globicephala macro-
rhynchus in a deep-water area
(Fig. 4b). In the shallow-water habi-
tat, the broadband impact measure
(Measure B) indicated that vessels
moving at <2.5 knots did not signifi-
cantly increase ambient noise levels
within bottlenose dolphin frequen-
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Fig. 3. Vessel noise at different speeds shown
as received one-third octave levels (TOL)
bands recorded at a distance of 10 m from the
2 circling vessels, powered by either a (a)
2-stroke or (b) 4-stroke engine. Platform
noise levels from the recording site (taken
with the array from the recording vessel and
without other vessels nearby) and back-
ground noise levels (recorded with a hy-
drophone suspended 50 m from the record-
ing platform) from Koombana Bay (shallow
area) have been superimposed over both fig-
ures. Shaded areas represent the frequency
ranges used for estimating masking impact
on pilot whale Globicephala macrorhynchus
(dark shading, 2 to 12.5 kHz) and bottlenose
dolphin Tursiops sp. (light shading, 4 to
10 kHz) tonal sounds

cies. In contrast, cavitation noise from
faster-moving vessels resulted in a sub-
stantial increase in the ambient noise at
ranges even beyond 50 m.

To apply the measurements of vessel
noise recorded in shallow water to the
assessment of impact in a deep-water
habitat, we corrected for the different
transmission losses in the 2 habitats.
This was done by subtracting the differ-
ence between the measured transmis-
sion loss in the shallow-water habitat,
i.e. 12.8 log(range), and the assumed
spherical spreading in the deep-water
habitat 20 log(range), from the mea-
sured TOLs in Koombana Bay. The
lower background noise levels and the
use of different whistle frequencies
meant that the impacts on the communi-
cation range were generally more
severe for nearby pilot whales in the
deep-water habitat, but also declined
faster with increased distance due to the
higher spreading loss (Fig. 4). When
vessel noise was low, so that the mea-
sured TOLs were close to platform
TOLs, it would be difficult to reliably
quantify the actual contribution of the
vessel to the measured noise levels. As a
conservative estimate of each measure-
ment in which TOLs were within 3 dB of
platform noise levels, we defined the
lower impact boundary (Measure C) to

TOL (dB re 1 pPa)

' —a— 10 knots ’ —a— 10 knots
’ —&— 5 knots | ol —A— 5 knots
80K, ¢ e’
. —e— 2.5 knots 4 —e— 2.5 knots
-------- Platform s Platform
- === Background === Background
0.2 1 10 40 0.2 1 10 40
Frequency (kHz)
a) Shallow b) Deep
99 Type of measure: | |1 | Type of measure: |
Measure A Measure A
8 Measure B L] ®  Measure B
Measure C Measure C
Vessel speed: Vessel speed:
& 10 knots & 10 knots
& 5knots & 5 knots
e 2.5knots o 2.5 knots

Communication range reduction (%)
[ ¥+ w
o o

o

a) Two-stroke

b) Four-stroke
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be 0% effect on communication range and calculated
the broadband impact (Measure B) and upper impact
boundary (Measure A) from the remaining one-third
octave bands in which noise levels exceeded platform
noise levels by >3 dB. Because some TOLs from ves-
sels moving 2.5 knots were close to background noise
TOLs of the shallow recording habitat, we could not
document significant masking for an average small
vessel moving 2.5 knots at any distance tested.

Gear shifts

Gear shifts were found to produce broadband and
relatively high-level transients with a reverberant
structure. Received peak-peak levels at 50 m reached
164 dB re 1 pPa,, with sound exposure levels (SEL) of
126 dB re 1 pPa? s (Fig. 5). Mean back-calculated
source levels for all ranges were 189 dB (range: 173 to
198 dB) re 1 pPa;,, with a mean back-calculated SEL of
141 dB (range: 130 to 149 dB) re 1 pPa’®s.

DISCUSSION

The last half a century has registered a steady rise
in ocean noise levels due to increases in the number
of vessels and in their propulsion power (Ross 1976,
Urick 1983). Acoustic pollution is considered one of
the factors affecting habitat quality in the oceans
(NRC 2003, Tyack 2008). Low-frequency vessel noise
overlaps with the vocalizations of baleen whales and
many species of fish and pinnipeds (Richardson et al.
1995, NRC 2003, Tyack 2008). The increasing domi-
nance of faster vessels (McCarthy 2004, Southall
2005) has raised cavitation noise at medium and high
frequencies, overlapping with the acoustic signals of a
wider range of marine fauna such as toothed whales
(Arveson & Vendittis 2000, Aguilar Soto et al. 2006).
This has, in turn, raised concern that vessel noise
might impact cetaceans by masking sounds used for
acoustic communication or prey detection (Richardson
et al. 1995).

Auditory masking of communication signals is only
one of many possible consequences of increased ves-
sel presence, but may nevertheless be critical for
many delphinids that rely on acoustic communication.
The bottlenose dolphin Tursiops sp. is an example of a
cetacean that lives in fission—fusion societies (Wursig
& Wursig 1977, Connor et al. 2000, Connor et al.
2006), where acoustic cues play an important role in
mediating social structure (Janik & Slater 1998, Wat-
wood et al. 2005), predator avoidance (Deecke et al.
2005), mate choice (Gerhardt & Klump 1988), mother—
calf interactions (Renouf 1984, Smolker et al. 1993),

cooperative foraging (Janik 2000) and perhaps cul-
tural learning or eavesdropping (Janik 2005). Sound
most likely serves similar functions for the highly
social short-finned pilot whale Globicephala macro-
rhynchus (Heimlich-Boran & Heimlich-Boran 1992,
Heimlich-Boran 1993). Pilot whales perform deep
dives and have a rich vocal repertoire that, among
other functions, may facilitate group cohesion by
enabling diving animals to rejoin the group at the sur-
face (Aguilar Soto 2006). For both of these highly
vocal delphinid species, prolonged periods of mask-
ing noise may interfere with acoustically mediated
social interactions. However, regulation of under-
water acoustic pollution is currently limited by the
scarcity of quantitative data on noise emissions and
on the effects of anthropogenic noise on the biological
functions of marine fauna (NRC 2005). The present
study contributes relevant baseline data to our under-
standing of some of the potential effects of noise from
small boats. The study combines vessel noise quantifi-
cations with transmission loss and background noise
measurements to build a model for the masking im-
pact on 2 widespread marine mammal species. Re-
sults are discussed to contribute readily applicable
mitigation measures for areas with high levels of re-
creational traffic and whale-watching boats.

Masking levels experienced by free-ranging animals

Free-ranging delphinids in areas with vessel traffic
may experience widely varying levels of noise in fre-
quencies used for acoustic communication (e.g. Fig. 1).
The population of pilot whales studied here is targeted
by an intense year-round whale-watching industry
and is thus subject to close approaches by small- and
medium-sized boats. The whales tagged here experi-
enced increases in masking noise levels of up to 55 dB
within whistle frequencies over the relatively short
duration of the tag attachments. These levels suggest
that vessel noise may be an important factor in
determining the range of communication signals in
this deep-water environment with significant whale-
watching and commercial marine traffic activities.

The use of archival acoustic tags to document noise
exposures on free-ranging animals is a powerful tech-
nique, but has several important limitations. Tag
attachment durations on delphinids tend to be short
due to their active and social behaviour, which poten-
tially leads to biased samples of the sound field experi-
enced by the animal. On-animal sound recordings also
contain many extraneous components, such as noise
created when the tag breaks the surface or when water
flows past the tag, that do not represent actual noise
exposures to the animal. Another dominant component
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in the recordings includes sound generated by the
tagged animal. Removing these components from tag
recordings to arrive at a measure of the ambient noise
level is laborious and introduces some subjectivity.
However, the capability to correlate noise exposure

important benefit of tag-based studies. Autonomous
units recording ambient noise levels continuously in a
fixed location, such as EARS (Lammers et al. 2008) or
MARUSs (Clark et al. 2002), are better suited for quanti-
fying ambient noise variations in a habitat. However,
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through the habitat but rather concentrated around
cetaceans, as is the case for whale-watch vessels,
autonomous recorders will provide measures of am-
bient noise that do not represent what the animals
experience.

One downside of using recordings from archival tags
or autonomous acoustic recorders is the difficulty in
ascribing changes in noise levels to identified sources
in the environment. To better understand how a single
source, such as a vessel, affects the ambient noise lev-
els impinging on an animal, it is more robust to mea-
sure the noise source properties and model their con-
tribution to a given noise exposure to the animal. In the
following, we discuss several parameters required to
model the effect of noise on marine mammal communi-
cation: (1) measurements of the background noise
level experienced by the animal; (2) estimates of the
source level of the noise source under representative
operating conditions and measurements of sound
propagation through the model habitat; and (3) knowl-
edge on how increased sound levels may affect the
detection and recognition of acoustic signals used by
the animal.

Background noise in shallow and deep water

The deep-water habitat off the coast of Tenerife was
found to be much quieter than the shallow-water habi-
tat of Koombana Bay (Fig. 1). The smaller transmission
loss (12.8 dB per logarithmic increase in distance)
imposed on continuous noise sources in the shallow-
water area implies that vessel noise would propagate
further, thus elevating noise levels further from the
source. The abundant snapping shrimp in Koombana
Bay also contributed to the difference in noise levels.

All background noise measurements in the present
study are based on measurement periods restricted to
1 min from each habitat where no recreational vessels
or dolphin sounds were evident, so as to prevent such
intermittent sound sources from affecting measure-
ments of background noise levels. Ambient noise is
known to fluctuate over time (Parks et al. 2009) de-
pending on weather (Knudsen et al. 1948, Richardson
et al. 1995), daily, or seasonal variations in biological
sounds such as those from snapping shrimp or whales
(Everest et al. 1948, Au & Green 2000) and on changes
in anthropogenic activities (Holt et al. 2009). However,
the measured background noise levels in the shallow-
water environment (Fig. 2) for frequencies >2 to 3 kHz
were similar to the noise levels recorded in low-speed
vessel trials (Fig. 3) measured on different days with
similar weather conditions, suggesting that our evalu-
ations of vessel impacts are representative for these
conditions.

Vessel noise and transmission loss

The 2 outboard vessels investigated here emitted
similar noise levels, with broadband (0.2 to 40 kHz)
and in-band (2 to 12.5 kHz) noise emissions that were
primarily determined by vessel speed as found in other
studies (Ross 1976, Erbe 2002). Vessel noise suffered
close to cylindrical spreading loss when propagating
through the shallow-water habitat so that source levels
would be overestimated if they were back-calculated
from received levels in the present study, using the
standard assumption of 20 log(range) spreading loss.
Received noise levels were similar at different depths
of the water column (0.5 to 5.5 m in a water column of
6 m depth), meaning that this would not offer del-
phinids any vertical refuge from increased noise levels
in the shallow habitat, except very close to the surface
where the pressure release and Lloyd mirror effect
(Urick 1983) might reduce noise levels. In contrast,
stratification of water layers in a deep-water area
causes differences in sound speed, making it likely
that noise levels will vary throughout the water column
that deep-diving cetaceans, such as pilot whales,
utilize. Since sound refraction influences both signals
and noise, models that include the relative position of
source, receiver and noise sources would be required
to uncover the consequences for impact estimates.

Au & Green (2000) measured noise emissions at
speeds of 10 knots from similar vessels with outboard
engines. They found back-calculated TOLs between
2 and 6 kHz to be about 160 dB re 1 pPa at 1 m as-
suming spherical spreading loss. This is almost 20 dB
higher than the TOLs in the present study (Fig. 3) cor-
rected for the measured transmission loss of 12.3 dB.
Likewise, Williams et al. (2002) estimated much
higher source levels of a small vessel for speeds of 3
and 12 knots, while also assuming spherical spread-
ing loss. While it is possible that vessels in these 2
studies were louder than the vessels investigated
here, the discrepancy illustrates the importance of
measuring transmission loss along with vessel noise
emissions when estimating vessel source levels, both
to facilitate data comparisons and to subsequently
model noise propagation.

Masking impacts

In-band received noise levels for vessel speeds of
2.5 knots were close to background noise levels and
only impacted the communication range at very close
range. Our model indicates that vessels moving at an
intermediate speed of 5 knots will reduce the commu-
nication range of shallow-water dolphins within 50 m
by 26%. A range of 50 m corresponds to the recom-
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mended minimum distance for vessels near delphinids
in many areas (Garrod & Fennell 2004). Our results
support that speed limits <5 knots within these dis-
tances do indeed reduce the potential masking of com-
munication signals for delphinids, although a potential
long-term impact of any low-level masking still cannot
be discounted. If vessel speed is increased to 10 knots,
cavitation noise increases across a broad spectrum of
frequencies (Fig. 3) and impacts acoustic communica-
tion at much greater distances (Fig. 4). These reduc-
tions in communication range rely on an approxima-
tion of 20 log(range) spreading loss for both habitats. In
the shallow-water habitat, this approximation may not
necessarily be valid since reflections from the surface
and bottom will add up with the direct signal during
propagation, shifting the transmission loss towards the
lower transmission loss found for continuous vessel
noise (Urick 1983). If communication signals encoun-
tered a transmission loss of <20 log(range), the actual
reduction in communication range for a given increase
in noise levels would be decreased.

The variability of cetacean signalling and the sparse
information available on their auditory processing
introduce some uncertainties in the assessment of
noise impacts. To account for species-specific fre-
quency use and auditory processing, we integrated
noise in one-third octave bands covering the funda-
mental frequencies of whistles for the 2 model species.
Masking impacts were modelled on the fundamental
whistle contour because this has been shown to convey
important information between animals (Janik et al.
2006). It is possible that some species put more acoustic
energy into the harmonics than in the fundamental
contour (Lammers et al. 2003), but it is unknown how
information is distributed between the fundamental
contour and the harmonics. Our assumption that noise
masking narrow band signals is integrated by the
auditory system over one-third octave bands roughly
corresponds to the critical bandwidths found in bot-
tlenose dolphins (Johnson 1968). Some other toothed
whales seem to have quite different auditory band-
widths, especially at higher frequencies (e.g. por-
poises; Popov et al. 2006). The implications of narrower
auditory filters (higher quality, as quantified by the Q-
value) would be that the upper (Measure A) and lower
(Measure C) impact estimates for the present study
(Fig. 4) were moved further apart, increasing the un-
certainty as to the potential for masking of communica-
tion signals.

Anthropogenic sources have changed ocean ambi-
ent noises significantly over the last 50 yr (NRC 2003).
The temporal scale of these changes is comparable to
only a few life spans of delphinids (60 yr for female
pilot whales and 20 to 30 yr for smaller delphinids),
meaning that evolutionary adaptations to higher

ambient noise levels are unlikely to have occurred.
However, temporary changes in signalling may
enable animals to cope with different noise levels
(Miksis-Olds & Tyack 2009). Many animal species,
including birds (Brumm & Todt 2002, Slabbekoorn &
Peet 2003) and frogs (Sun & Narins 2005, Bee &
Swanson 2007), change the frequency content or
source level of their sounds to decrease the masking
effects of anthropogenic noise whenever possible.
Given the importance of acoustic communication for
many cetaceans, they will likely also attempt to com-
pensate for increased masking noise by changing the
frequency, source level, redundancy, or timing of their
signals (Lesage et al. 1999, Foote et al. 2004, Morisaka
et al. 2005, Holt et al. 2009). This vocal plasticity is not
yet fully understood, and its extent will depend on the
ability of the cetacean to change source characteris-
tics as well as the costs associated with such compen-
sations. Changes in frequency use will alter the mask-
ing level of background noise and the energy lost
to sound absorption. On the other hand, increasing
call amplitude or redundancy may be metabolically
expensive and requires that communication range is
not already maximized. While changes in signal para-
meters may adequately compensate for small in-
creases in masking noise and are not likely to have
any adverse effects during short periods of time, they
may not be sufficient to compensate for more severe
levels of masking (Wartzok et al. 2003). Measure C
provides a lower boundary on the reduction in com-
munication range that might be applicable if the ani-
mal shifted its energy to the one-third octave band,
where noise levels were least affected by the nearby
vessel. However, as in human communication, there
are likely multiple layers of information available in
the communication signals made by delphinids. Loss
of signal intelligibility, as well as accessory cues such
as the bearing, behavioural state, or identity of the
caller, will be gradual and may occur at much smaller
increments in ambient noise than those that would
preclude detection of the sound altogether. It is cur-
rently unknown whether or how such progressive loss
of information transforms animal behaviour or leads to
long-term population effects (Brumm & Slabbekoorn
2005).

Other acoustic vessel impacts

In addition to broadband masking noise, vessels pro-
duce occasional high level transients that could poten-
tially impact cetaceans by causing behavioural disrup-
tion at substantial ranges. The high back-calculated
gear shift source levels of up to 200 dB re 1 pPa,, are
not likely to cause temporary threshold shifts in
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toothed whales (Finneran et al. 2000), but could cause
behavioural disruption (Richardson et al. 1995).
Whale-watching vessels focusing on dolphins may
switch gears as often as every 21 s to maintain their
position with respect to the nearby animals (Bejder
et al. 2006b). Vessels behaving unpredictably tend to
elicit more powerful short-term responses (Williams et
al. 2002), and so steps taken to lessen the erratic move-
ment and number of gear shifts of vessels that repeat-
edly approach wild animals will lessen the impact on
these animals.

Since vessels may be audible over much longer dis-
tances than expressed by the masking range estimated
here, delphinids may potentially react to vessels at
much greater distances (Richardson et al. 1995, Erbe
2002). While behavioural reactions may be beneficial
to the animals in some respects, by preventing colli-
sions and avoiding areas with high levels of noise, they
may also have detrimental effects on the animals by
displacing animals from preferred feeding or breeding
habitats and by altering their behavioural time budget
(Lusseau 2003, Bejder 2005, Lusseau et al. 2009). An
additional factor not considered here is that the high-
frequency noise generated by cavitation has the poten-
tial to impact foraging toothed whales by masking
weak echoes from their echolocation signals, which
may have a direct bearing on the fitness of the animal
(Aguilar Soto et al. 2006). While the noise levels and
consequent masking impacts presented in this paper
may not necessarily be the most important reason for
decreased fitness in delphinids frequented by vessels,
they may serve as an overall proxy for negative effects
of boat presence around cetaceans and, thus, may be
indicative of the potential habitat degradation associ-
ated with anthropogenic noise. Conversely, measures
taken to reduce the exposure of cetacean populations
to vessel noise will reduce the behavioural impact on
exposed animals.

Implications and relevance

The vessels investigated here are representative of
typical recreational and coastal research vessels, as
well as some smaller whale-watch vessels. Recre-
ational boating is both widespread and increasing in
many areas with coastal delphinids (McCarthy 2004)
and has been identified as the most important contrib-
utor to mid-frequency ambient noise in some coastal
habitats (Haviland-Howell et al. 2007, Miksis-Olds et
al. 2007). Since many small populations of delphinids
are located near shore, it is essential to evaluate the
frequency of vessel traffic and the noise contribution
from each vessel to estimate the total noise exposure to
resident populations.

The whale-watching industry is another important
contributor to underwater noise levels in certain ceta-
cean habitats. Vessel noise emissions at a given speed
can vary greatly in level and frequency composition
depending on vessel, engine and propeller types (Ross
1976). Larger whale-watch vessels with inboard en-
gines may emit comparable or slightly less noise than
the outboard boats studied here within the frequency
bands of delphinids (Au & Green 2000). However,
cetacean populations in areas with whale-watching
are often visited by boats for prolonged periods and
may be approached by several boats at once. Single
groups of pilot whales in Tenerife may be followed by
different whale-watching vessels for hours (Aguilar
Soto et al. 2001), while up to 120 boats at a time have
been observed following Kkiller whale groups in
Canada (Koski 2004). The effects of such heavy whale-
watching activity is currently unknown, but even a
moderate increase from 1 to 2 tour companies has been
shown to have a negative long-term effect on bot-
tlenose dolphin fitness, displacing sensitive individuals
and reducing calf recruitment of the remaining indi-
viduals (Bejder 2005, Bejder et al. 2006b). Still other
habitats show signs of long-term declines in local pop-
ulations that may also be caused by high-intensity
tourism (Lusseau et al. 2006). Results presented here
corroborate the guidelines for sustainable dolphin-
watching that some areas already utilize (Garrod &
Fennell 2004) by showing that masking impacts from
single vessels are minimized by maintaining speeds
<5 knots and keeping >50 m distance between ani-
mals and vessels. Unfortunately, our study cannot ad-
dress the cumulative effects of multiple whale-watch
vessels overlapping with each other, nor can it account
for vessels with unusual noise emissions or that ap-
proach whales inadvertently. Further studies that in-
vestigate the prevalence and severity of masking noise
levels under natural conditions, by measuring or esti-
mating the noise budget of free-ranging toothed
whales, will improve our understanding of the acoustic
consequences of focused whale-watch activities.

Finally, close focal follow techniques are often used
by scientists studying free-ranging cetaceans. Since
small motorized vessels are often used for these stud-
ies, the nearby animals may encounter similar masking
effects to those quantified here. Following an animal at
a distance and at slow speeds of 2.5 knots will cause lit-
tle masking of delphinid communication, but following
a dolphin at close range for a long time and at greater
speeds could significantly impede acoustic contact
between the focal individual and conspecifics, in addi-
tion to any effects of stress from the persistent boat
presence to which the animal may be subjected. Thus,
our data suggest that the behaviour and noise profiles
of research vessels may be a source of potential bias in
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studies of free-ranging delphinids and should be con-
sidered when designing field experiments (Bejder &
Samuels 2003).

CONCLUSION AND RECOMMENDATIONS

In the present study, we have taken a biophysical ap-
proach to address an important parameter of habitat
quality for cetaceans: acoustic pollution. Masking levels,
quantified as a decrease of in-band SNR, were measured
to assess the relative impact of noise from small vessels
on the communication range of free-ranging delphinids.
For small vessels with outboard engines, we found that
speeds >5 knots and approach distances closer than
some 50 m to delphinids will significantly reduce their
acoustic communication range. Although the level of im-
pact will depend on the species in question, the behav-
ioural state and the habitat, vessel guidelines that recom-
mend low speeds, keeping a minimum distance of >50 m
and employing few if any gear shifts will reduce noise
impacts on delphinids in general and minimize the ef-
fects of masking on communication in particular. Finally,
the noise emissions of a vessel will depend on ship, en-
gine and propeller design and should be measured be-
fore drawing conclusions about the impact on cetaceans.
Modern vessel-quieting techniques that reduce the in-
band noise emissions (specifically cavitation noise) of a
vessel by as little as 6 dB (halving the radiated acoustic
pressure) will reduce the water volume around the ves-
sel at which a cetacean will experience a given masking
effect by 4- to 8-fold, depending on propagation condi-
tions. We conclude that implementation of vessel-quiet-
ing techniques and noise standards along with whale-
watching guidelines for boat behaviour and distance
would significantly reduce many of the potentially neg-
ative effects of whale-watching and boating activities.
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