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ABSTRACT
As visibility in the marine environment can be poor, cetaceans communicate, navigate
and forage acoustically. Anthropogenic noise can propagate over long distances
underwater in the marine environment and there is increasing evidence and concern
that noise generated by boats in particular, may lead to signal masking in cetaceans.
Here I investigate the effect of boat noise on the frequency of echolocation in
bottlenose dolphins in Cardigan Bay. This study shows that the bottlenose dolphins
(Tursiops truncatus) of Cardigan Bay show plasticity in the frequency of echolocation
and are able to reduce this masking effect by altering the frequency of echolocation
(Hz) when boats are present. Dolphins have significantly lower echolocation
frequencies when boats are present. The number of clicks per second was also
significantly lower when boats were present. In contrast, there was a significant
negative correlation between distance from New Quay harbour, where peak levels of
boat activity are found, and the frequency of echolocation, though there was no
significant correlation between peak frequency and distance to shore. There was also a
significant correlation between water depth and echolocation frequency. These
findings illustrate that bottlenose dolphins in Cardigan Bay have the ability to change
their acoustic signals in response to masking. Therefore, although human activity and
increasing levels of boat noise may be a cause for concern, bottlenose dolphins seem
to be able to find ways of avoiding signal masking.
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ABBREVIATION GLOSSARY
CBMWC – Cardigan Bay Marine Wildlife Centre
COG – Course Over Ground
CCW – Countryside Council for Wales
FFT – Fast Fourier Transform
GPS – Global Positioning Satellite
Hz – Hertz
MB – Motor Boat
RIB – Rigid Inflatable Boat
SAC – Special Area of Conservation
T‐POD – Timed Porpoise Detector
VPB – Visitor Passenger Boat
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1.0 Introduction
1.1 Sound and Communication

Sound is an energetic medium utilised by many species for the important
behavioural function of communication in order to convey information; both between
conspecifics or heterospecifics (Marler, 1967). The use of sound and the diversity of
signals used for communication may have assisted in the evolution of sociality in the
vertebrates (Cavallisforza and Feldman, 1983), as it is vital for individuals in gregarious
species to convey important information about their surroundings as well as make
informed decisions based on the use of signals by others (Endler, 1993). Sound as a
medium of communication, is important for both inter‐specific competition (e.g.
nightingales, Luscinia megarhynchos, time their vocal calls to avoid inter‐specific
competition; Brumm, 2006) and intra‐specific competition (e.g. competition between
males in red deer, Cervus elaphus; Berglund, 1995). It is also important in maintaining
hierarchies within polygynous species (e.g. in elephant seals, Mirounga angustirostris,
Bartholomew, 1961).
Prey location is another important function of sound emission, as well as
orientation of an individual within its surroundings. As well as being used to
communicate the whereabouts of a food source to conspecifics and coordinate group
6

foraging e.g. in greater spear‐nosed bats, Phyllostomus hastatus, (Wilkinson and
Boughman, 1998) sound can also be used for auto‐communication, where a sound is
broadcasted and received by the same individual, by echolocation. Echolocation is
classed as a broadband vocal sound described as a directional beam of ultrasonic clicks
(Caldwell and Caldwell, 1965). It is an adaptive method of locating prey and orientating
an individual to its surroundings that has evolved separately in different groups of
animals by the process of convergent evolution. The use of echolocation has been
documented in bats: Microptera, toothed whales: Odontocetes, tenrecs, cave swiftlets,
(Aerodramus) oil bird (Steatornis caripensis) and two orders of shrew: Sorex and
Blarina (Martin, 1990).
1.2 Development of acoustical location

The ability to detect prey acoustically appears to have evolved as an adaptation
to enable the capture of prey in habitats where visual prey location is difficult. For
example, within Aves, acoustic senses are relied upon for prey location by the marsh
hawk, to locate prey concealed in long grass (Rice, 1982) and by owls (Order:
Strigiformes) such as barn owls (Tyto alba) which hunt nocturnally and have highly
developed directional hearing ability (Payne, 1971). Within the mammalian kingdom,
those species which rely on sound for prey location do so for similar reasons;
insectivorous bats (e.g. little brown bat, Myotis lucifugus) use echolocation to detect
the location of fast moving, air borne prey to enable them to track individual targets
more efficiently than by sight (Fenton et al., 1998). Furthermore, it has also enabled
efficient nocturnal hunting for both bats and cave‐dwelling birds (Martin, 1990).
7

The odontocetes use sound, both as a medium for communication used in
group hunting activities (Gazda et al., 2005) and individual recognition (Janik et al.,
2006) between group members, as well as for echolocation for prey location and
orientation. However, the sounds used for each of these functions are distinguished by
different frequencies and length of bursts of sounds, with echolocation clicks being
higher in frequency and more directional, than sounds used for communication which
are broader to maximise acoustical space (reviewed in Clausen et al., 2010). It has also
been noted that acoustic signaling from bottlenose dolphins can also be non‐vocal, for
example, from tail slapping (Grellier et al., 1995).
Another possible reason for why echolocation may have evolved is due to
abiotic factors; the origin of echolocation in bats has been correlated with global
warming during the Paleocene – Eocene geological period (Gingerich, 2006). This
theory has been mirrored in odontocetes, by suggesting echolocation developed in
conjunction with the creation of the circum – Antarctic current (Fordyce, 1980, from
Lindberg and Pyenson, 2007). However, it has been argued that biotic factors may
have been more important, with echolocation in odontocetes conferring a selectional
advantage of nocturnal prey capture and capture of prey such as cephalopods at
depths where light cannot reach (Lindberg and Pyenson, 2007).
1.3 Mechanisms of Echolocation and Physiological Adaptations

As echolocation is based solely on acoustic signalling, it follows that specialised
physiological adaptations, particularly within the auditory system, are required. In
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Michropteran bats, it has been reported that the larynx is involved in sound production
and the ear is specially adapted, with especially large pinnae, so that information from
the sound is accurately obtained, (Pye, 1960).
The ability to echolocate has evolved as a successful mechanism to find prey in
the toothed whales due to the attributes of sound travel though the viscous medium
(Tyack, 2008). However although other groups of mammals inhabit the same
environment: Mysticeti and Pinnipeds, the ability to echolocate in these animals
remains absent (Schusterman et al., 2000). It has been suggested that the dentition of
odontocetes may be a contributing factor in sound reception and nerve conduction to
the ear via vibrations (Potter and Taylor, 2001). An alternative suggestion stems from
research that has shown that there appears to be homologous interspecific structures
between the odontocetes, with fatty components that are responsible for the
production of pulsed sounds forming the basis of echolocation, being of significant
importance (Cranford et al., 1996).
The basic principle of echolocation in odontocetes is that the individual
produces a sound in the nasal system from a complex just under the blowhole
(Cranford et al., 1996). This is projected in a directional beam through the melon
(Norris, 1968 In Evans and Madderson, 1973), a lipid structure in front of the nasal
plug, before passing through the water and reflecting from the surroundings, back to
the individual. In this way, the individual can build up an idea of the distance to
particular object, its movement and its density. The signal is emitted forwards and
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slightly upwards from the animal and are usually emitted within a time frame that
allows each echo to return to the animal before the next is emitted (Au, 2004). In the
Atlantic bottlenose dolphin (Tursiops truncatus), studies have indicated that
echolocation signals have a short duration (less than 50‐70µs), have a high intensity
(up to 230dB) and a relatively high frequency (Au and Nachtigall, 1997).
The mechanism of exactly how the odontocetes have the ability to echolocate
is highly complex and therefore, still poorly understood (Potter and Taylor 2001,
Cranford et al., 1994, Evans and Madderson, 1973). This difficulty is possibly due to its
close link with the evolution of the respiratory system which requires the use of the
same structures used in sound production (Cranford et al., 1994).
1.4 Signal masking

Where acoustic communication is of such importance, both socially and
functionally, to increase fitness, as well as when it is widely used within a particular
niche, there is the potential for signal masking to occur. The concept of signal masking
has been described as ‘when the perception ability to detect and decode information
from a signal is affected by another sound within the same auditory filter band’
(Gelfand, 2004). Noise is the term describing any sound which is not the signal in
question that interferes with the receivers’ ability to distinguish between signals or
distinguish the signal from background noise (Wiley and Richards, 1978), Noise is
therefore the cause of auditory signal masking, and becomes a masking problem when
it occurs in the frequency range that overlaps the signal (Madsen et al., 2006). It can
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be derived from a variety of sources that can occur within a three dimensional space
surrounding the individual, also referred to as: ‘bio‐acoustic space’. The bio‐acoustical
activity within in the individuals’ auditory space can originate from conspecifics
communicating with the individual, from eavesdropping on communication between
other interacting conspecifics, the individual itself (by echolocation) or communication
between heterospecifics (Parks et al., 2007).
Naturally occurring biotic factors such as ambient noise from the environment,
oceanographic features or geo‐seismic events which can all lead to signal interference,
are not the sole source of noise that may instigate signal masking (Tyack, 2008).
Anthropogenic noise, which is derived from a wide variety of sources, can also mask
acoustic signals. In the terrestrial environment, anthropogenic noise causing signal
masking, has been widely demonstrated, particularly by urban noise masking bird
song, for example: in house finches (Bermudez‐Cuamatzin et al., 2011) and great tits,
Parus major, (Slabbekoorn and Ripmeester, 2008; Mockford and Marshall, 2009).
Anthropogenic signal masking in birds has now been found to have a negative impact
on reproductive success, with female great tits laying smaller clutches and nurturing
fewer successful fledglings in noisier areas (Halfwerk et al., 2011).
However, the properties of sound which travels through an aquatic
environment are inherently much different to those of a terrestrial environment.
Sound travels around 5 times faster through water than air (Forrest, 1994), due to the
higher density of the medium and therefore, there is greater opportunity for
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attenuation affects to impact upon sounds emitted for communication and
echolocation. Whereas sound can be transmitted aerially up to a few kilometres, it can
be propagated thousands of kilometres through the ocean (Lurton, 2002). Therefore, it
can be expected that the effects of acoustical signal masking will be demonstrated to
an even greater extent within the aquatic environment.
Evidence of this has already been found in the aquatic environment. For
example, the possible effects of anthropogenic noise on fish have recently been
highlighted, suggesting that masking sounds affect acoustical communication, which is
can particularly impact upon reproduction success (Slabbekoorn et al., 2010).
Supporting empirical evidence has also shown in mysticetes that the presence of two
commercial shipping vessels results in an 84% loss of communication space in right
whales (Clark et al., 2009). In addition, it has been calculated that vessels moving at a
speed of 5 knots will reduce the communication range of bottlenose dolphins within
50m of the vessel by 26%, increasing with vessel speed and gear changes (Jenson et
al., 2009). There is also increasing concern that proposed offshore wind farms may
cause signal masking in the low frequency band, which in particular, will mask the low
frequency

communication

propagated

by

mysticetes

(Madsen

et

al.,

2006).Furthermore, the construction of these by pile‐driving also has masking
potential over a relatively large distance (David, 2006).
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1.5 Avoidance of Signal Masking

Where signal masking occurs, individuals, or individuals of a species
collectively, can adapt by changing their own signalling method. For example, because
many species of tree frogs tend to form dense aggregations to perform mating calls,
some species have adapted to rely on optic, rather than acoustic, signalling due to
signal masking by conspecifics and other sympatric species (Gerhardt and Klump,
1988). The tropical Anolis lizard uses visual environmental cues to time its displays to
competing males and receptive females, so that it avoids displaying in a ‘noisy
environment’ for example, when the wind is strong and vegetation may obscure the
display, resulting in wasted energy (Ord et al., 2011).
Other methods of compensating for masking by noise include: elongating the
time frame of a signal, waiting until the noise masking the signal has reduced, or by
emitting louder signals themselves (Tyack, 2008). Alternating calls with conspecifics
has also been documented: for example, in nightingales (Naguib, 1999). Another
option involves a shift in frequency of the sound so that the inanimate noise is no
longer overlapping the same band range. This has been documented in bats such as
Tadarida teniotis which show a ‘Jamming Avoidance Response’ by altering the
frequency of echolocation by varying amounts according to the distance between
conspecifics whilst foraging (Ulanovsky, 2004).
However, avoidance of signal masking can also involve a more significant
change of the signal entirely or stimulate a physical behavioural response. For
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example, the individual may alter their behaviour to avoid ‘noise polluted’ areas. This
has been shown in bottlenose dolphins that dolphins will move away from foraging
areas when boat traffic becomes heavy (Allen, 2000) and head directly away from
nearby boats (Mattson et al., 2005), although a neutral, rather than an avoidance
response, has been found in the same species in Cardigan Bay (Gregory and Rowden,
2001). In dolphins off the Moray Firth in Scotland, it has been reported that heavy boat
traffic is associated with increased breathing synchrony between pod members,
although the function of this behavioural change is still unclear but it has been
suggested that it is an anti‐predatory response to the threat posed by boats (Hastie et
al., 2003).
Evidence of increased whistle rate was found in bottlenose dolphins in Florida,
where dolphins came into contact with passenger vessels very frequently (every 6
minutes), leading to an increased whistle rate upon vessel approach which may be in
response to signal masking (Buckstaff, 2004). It has recently been suggested that mass
strandings of cetaceans may be linked to military sonar, with this anthropogenic noise
causing their navigation systems to fail, although it is difficult to confirm the exact
cause (Fernandez et al., 2005). It may be that there is a particular threshold, where
noise reduces the ability for the acoustic signals to be recognised so much that it is no
longer advantageous to remain in a particular area, even if food is in high abundance.
However, negative behavioural changes may be associated with the other dangers
boats pose to cetaceans, such as damage by propellers caused by collisions with boats
and entanglement in fishing gear (Garrod and Fennell, 2004).
14

It has recently been hypothesised that resting frequency divergence of echolocation in
rhinolophid bats could be to determine members of their own species from other
sympatric species (Siemers et al., 2005), and by calling at different species, overlap and
interference is avoided (Russo et al., 2007) Alternatively, it has been argued that the
difference in echolocation frequency of sympatric species could be to allow different
sized prey to be captured (Houston et al., 2004 in Jones and Holderied, 2007).
It has been shown that signal masking of communication occurs within various
cetacean species within the aquatic environment. For example, it has been shown that
communication masking occurs in singing humpback whales which produce lower
frequency songs when there is a higher ambient noise in the surrounding area (Clark,
2009). Further studies on the effects of boat noise on the vocalisations of the Pacific
humpback dolphin (Sousa Chinensis) found that although click rate did not change,
dolphins increased their whistling rate when coming in contact with boats (Van Parijs
and Corkeron, 2001). Acoustical analysis of indo‐pacific dolphins highlighted that in
habitats with higher ambient noise, dolphins produced whistles with lower frequencies
(Morisaka et al, 2005), illustrating that this is an adaptive response to signal masking
that may also be applied to boat noise. The effect of boats on the acoustical behaviour
has also been investigated in beluga whales (Delphinapterus leucas) where calling rate
decreased as boats approached, as well as a shift in frequency bands to a higher
frequency when the vessels were close, although this shift only lasted up to one
minute (Lesage et al., 1999).
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The depth of water also has the capacity to affect acoustic signalling). Only
signals above a certain ‘cut‐off’ frequency will propagate without much attenuation in
shallow waters due to there being sound constraints by the boundary conditions
between substrates (Rodgers and Cox 1988 In Atema et al.,1988). However, little
research has been done in this area of aquatic acoustics to date. As Cardigan Bay is a
relatively shallow area with depths only reaching up to 55m at its’ deepest, (Ceredigion
County Council et al., 2008) it may be that noise propagates more readily and is
therefore a good area to study the effects of depth on possible frequency shift in
echolocation to reduce signal masking.
1.6 Cardigan Bay and bottlenose dolphins

Cardigan Bay has the highest abundance of bottlenose dolphins, Tursiops
truncatus, (Gervais, 1855) in the U.K (Pesante et al., 2008 In Pierpoint et al, 2009) and
is one of only two regions in the United Kingdom where there is a resident population;
the other being the Moray Firth in Scotland (Wilson et al. 1997). Recent estimates
from photo Identification studies suggest that there are currently over 200 individuals
that are regularly sighted in the area (Grellier et al., 1995). There is a seasonal
distribution of bottlenose dolphins within Cardigan Bay with significantly more
sightings between April and October since 1990, which is thought to be associated
with the migration of shoals of prey such as mackerel (Grellier et al, 1995).
Part of the Cardigan Bay coastline was designated a Special Area of
Conservation (SAC) under the European Habitats Directive, in 2004, with the aim of

16

addressing the conservation needs of the bottlenose dolphin (Grellier et al. 1995). This
area encompasses the Southern part of Cardigan Bay, and reaches approximately 12
miles offshore (See Figure 1). As well as bottlenose dolphins being of prevalence in this
area, another cetacean; the more elusive Harbour porpoise, Phocoena phocoena,
(Linaeus, 1758) is also relatively abundant, as well as the pinniped: Atlantic grey seals,
Halichoerus grypus (Fabricius, 1791). Boat users within Cardigan Bay are required to
adhere to a strict Code of Conduct within the SAC; particularly when coming into
contact with cetaceans, Atlantic grey seals (Halichoerus grypus) and bird colonies.
Land observations are conducted throughout the Summer months at various
points down the coast of Cardigan Bay (See Figure 1) where the number of marine
mammals as well as boat activity is recorded. The 2008‐2009 report has further
substantiated the findings of previous surveys which show that Mwnt has the highest
sightings rate of bottlenose dolphins, compared to the other observation points
(Ceredigion County Council et al., 2008). There is a thriving tourist and fishing industry
in Cardigan Bay, and the focal area for this hive of activity is New Quay, with the
highest number of boats being recorded at New Quay Harbour in the years 2004‐2009
consecutively. However, it has also been found from compiled data from 1994‐2007
that site use of the New Quay Harbour area by bottlenose dolphins is suppressed by
heavy boat traffic, compounded by the observation of significantly more dolphins in
2007 when boat traffic levels were low because of poor weather during the tourist
season (Pierpoint et al., 2009). Previous research conducted in this area, and
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abundance of bottlenose dolphins indicates that it is a good location to continue the
study of the affects of boat noise on their acoustical behaviour.

Figure 1: Map illustrating the area designated as
Cardigan Bay SAC (Pierpoint et al., 2009)
1.7 This Study

The aims of this research are to investigate the following questions:
-

Does boat presence affect the frequency of bottlenose dolphin echolocation?
Does boat presence affect the rate of echolocation clicks?
Does distance to harbour influence the frequency of dolphin echolocation?
Does distance to harbor influence the rate of echolocation clicks?
Does depth of water influence the frequency of dolphin echolocation clicks
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2.0 METHODS
All sound recordings and observational data were collected during Summer
2010 from 22nd July to the 5th September onboard The Sulaire: a 33 foot long dolphin
survey vessel (Figure 3), operating trips from New Quay Harbour. The data was
obtained at various locations during two hour trips along the West Coast of Wales
from New Quay (52⁰21N, 004⁰35W), Ceredigion to Ynys Lochtyn (52⁰16N, 004⁰46W)
though the specific routes of different trips varied (Figure 2).

Figure 2: Left: Map image with red markers illustrating the location of sound recordings
made in relation to a Map of Wales. Right: A closer view of the Ceredigion Coast illustrating
where the recordings were made. Two clusters of recordings are observable: one near New
Quay Harbour and the other near Ynys Lochtyn (Image from Google Earth© Version 6.0.2)

In 1997, commercial passenger boat operators agreed to a universal Code of
Conduct for their behaviour around the marine Wildlife of the SAC. According to this
Code of Conduct, the main points to consider when coming into contact with
cetaceans are : not to approach an individual head on, throttle back when within
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300m, remain stationary or cruise by when within 100m from any group and let them
come to you and avoid deviating from agreed routes to see the animals (Ceredigion
County Council, 2009). The Code of Conduct was adhered to by the Sulaire throughout
the duration of the trips when data was collected.
Volunteers, including myself, from the Cardigan Bay Marine Wildlife Centre,
recorded Environmental (Effort) data continuously throughout each trip. This data
included: the position of the boat (location, speed, course) environmental conditions
(precipitation, sea state, swell, wind direction, wind force) and details of cetacean and
seal sightings (numbers, behaviours, angle and distance from boat) as well as details of
other boats in the area. All volunteers received training at the start of the project to
ensure data was recorded consistently.
Location, speed and Course Over Ground (COG) were established using a hand‐
held Global Positioning Satellite (GPS). Sea state was recorded according to the
universal Beaufort Scale sea surface criteria (Table 1). All recordings were made in a
Sea State of 1 or 2, minimising any effects of differing ambient noise due to water
movement. Observers recorded a new effort line of environmental data every time the
following survey conditions changed: speed, boat course, precipitation, sea state, wind
direction, wind force, or if there was no change; a new line was recorded every 15
minutes. On encountering marine mammals, each sighting was allocated a number
which was recorded next to the last effort line made and this number corresponded to
the data subsequently recorded on the sightings form.
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Table 1: The Beaufort Scale of Sea State (as used by Cardigan Bay Marine Wildlife Centre on
every survey)

0
1
2
3
4
5
6+

Sea State
Calm, glassy, mirror sea
Calm, rippled surface
Wavelets, glassy crests that do not break
Small Waves (<1m) occasional whitecaps
Longer Waves (1‐1.5m) frequent whitecaps
Many white horses, waves (2m)
Rough, white foam crests everywhere, waves >2.5m high

Sound recordings were opportunistic, dependant on bottlenose dolphin
sightings, and obtained by lowering a hydrophone (Standard Cetacean Monitoring
Hydrophone from Seiche Measurements Ltd.) overboard into the sea when coming
within 300 metres of bottlenose dolphins. The hydrophone acts as a pressure
transducer; converting the acoustic signals into an electronic sound wave that can be
recorded and viewed on a spectrogram. The hydrophone was connected to a bat
detector (Magenta Bat4 Precision), connected to a sound card, connected via USB to a
laptop. Underwater sounds were then recorded to the Sound Card using the dolphin
acoustic programme PAMGUARD (Passive Acoustic Monitoring Guardianship: Version
1.9.01 Beta).
A separate form for recording data specific to the hydrophone recordings was
made in order to relate particular recordings to the corresponding Effort and Sightings
data. The depth of water was also recorded in order to explore the second hypothesis
of whether water depth affects the frequency of bottlenose dolphin echolocation.
This data was collected by the OLEX system: a bathymetric sounder that measures the
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time delay of the seabed echo to create a 3D image of the sea floor (Lurton, 2002).
The distance to the harbour from each recording point was measured by using the
latitude and longitude of where the recordings were made (as was recorded during
data collection) to plot the locations onto a map using Google Earth © (Version 6.0.2.).
The ruler tool on this software was then used to calculate the distance from the
position of the boat at the time of each recording to New Quay Harbour suing a
straight line, avoiding land if the path crossed a headland.

Observer
position – high
up to enable
accurate
observations

Figure 2: The boat (The Sulaire) from which hydrophone
recordings were taken and observations of bottlenose
dolphins made

The information recorded about other boats in the area was recorded and
included the type of boat in abbreviated form as well as the estimated distance to the
boat. The type of boat may influence the type and level of noise created, therefore
having different impacts on the vocal impacts of bottlenose dolphins.

Prior to each hydrophone recording, the Sulaires’ engine was turned off, and
electrical equipment, including the radio and inverter was also switched off to
22

minimise interference, though it was difficult to totally eliminate all interference. Each
sound recording is identifiable by its automatically saved filename which corresponds
to the date and time the recording was made. For example the filename
SUL_20100722_115850 shows that the recording was made on the 22nd July 2010 at
11.58. Recordings vary in length and contain a varying number of click trains, which
have been separated into new files for analysis using the programme Wave Pad©
Sound Editor (Version 4.0; Canberra, Australia). All together, a total of 242 separated
click trains have been identified from 15 different recordings, for frequency analysis.
Only pulsed sounds (clicks) were audible and visible on the spectrogram. This
may have been because the dolphins were not communicating using non‐pulsed
sounds (whistles) at the time of the recordings. Therefore, only the frequencies of
echolocation clicks were analysed in relation to boat noise, depth of water and
distance to the harbour. Recordings were separated into ‘click trains’ which were
defined as having a two second gap before the first and following the last click in a
sequence.
In order to analyse the differences in echolocation when boats were and were
not present, Mann‐Whitney‐U tests were conducted to compare the peak frequencies
(Hz) of echolocation clicks and also the number of clicks per second in each sound clip.
To analyse the effects of depth of water and distance from harbour, a Pearson’s
correlational test was conducted to test if there is a relationship between these two
factors with peak frequency of echolocation clicks and number of clicks per second.
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Frequency analysis and calculation of number of clicks per second were made ‘blind’ to
the knowledge of the distance to the harbour, depth of water or presence of boats so
as not to inadvertently bias the results.
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3.0 RESULTS
13 out of 15 hydrophone recordings contained cetacean echolocation clicks.
These are presumed to originate from bottlenose dolphins, rather than the other
commonly present cetacean in Cardigan Bay: the harbour porpoise, as all recordings
were taken at a time when bottlenose dolphin presence was recorded. From the
recordings containing clicks, three were when one adult was present, five were when
there were two adults present, two were when three adults were present and three
were when four adults were present (Figure 4). There were calves present for three of
the recordings and juveniles for two of the recordings. It was difficult to observe the
sex of dolphins from the boat so distinctions between sexes were not made. Specific
activities were observed and recorded at the time the recordings were made; the most
common behaviour exhibited and observed was foraging (Figure 5).

Figure 4: The relative abundance of numbers of adults, juveniles and calves observed
when each recording was made
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4.35%
4.35%
4.35%

13.04%
43.48%

30.48%

Figure 5: Pie Chart illustrating the percentage of recordings, dolphins were observed
engaged in various activities

A Fast Fourier transform (FFT) was calculated and displayed using Wavepad©
Sound Editor (Version 4.0; Canberra, Australia) software, enabling each recording to be
separated into identifiable click trains (Figure 6). A click train was defined as a group of
three or more clicks separated from other groups of clicks by at least a two second gap
from the first and last click. Overall, between the 13 recordings, a total of 242
separated click trains were identified for analysis. There were a varying number of
distinguishable click trains between the different recordings, with the least being one
and the greatest being 55.
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Figure 6: A screenshot of an FFT produced by Wavepad© of the sound recording
SUL_20100725_090914‐A showing 23 identifiable peaks that correspond to echolocation
clicks

Frequency analysis was conducted on the first clear distinguishable click train
of each recording using Raven Pro© Interactive Sound Analysis software (version 1.4;
New York, U.S.A.) which created a sonogram (Figure 7). The peak frequency of each
click (measured in Hz) was analysed at the point where the amplitude was greatest
(measured in Db). A mean peak frequency for that click train was then calculated.
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Waveform view
showing an
oscillogram of the
sound showing
amplitude (kHz)
against time (s)
23rd Echolocation
click
Spectogram View
shows frequency
(kHz) against time
(s)

Figure 7: Image of a sonogram produced by Raven© of the sound clip
SUL_20100725_090914‐A from the recording made on 25/07/10 at
N52⁰13075’W004⁰21454 with both waveform (upper) and sonogram (lower) view

Acoustic
interference
from electrical
equipment on
the Sulaire

All boats recorded in this study were Motor Boats, (MB) Visitor Passenger Boats (VPB)
or Rigid Inflatable Boats (RIB) meaning they all produce engine noise that propagates
through the water.

The mean peak frequency of echolocation clicks was significantly

higher when no boats were present than when boats were present (W=6597, n=264,
P=0.0488; Figure 8)
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*
*

Figure 8: Illustrates the Mean Peak Frequency (Hz) of echolocation clicks
from bottlenose dolphins when other boats were present (n=62) and when
boats were not present (n=180). Standard error bars are also shown.
Asterix indicates statistically significant difference

There was a statistically significant negative correlation between the distance to
harbour and the mean peak frequency of dolphin echolocation clicks (r = ‐0.149, p
=0.021; Figure 9).

p = 0.021

Figure 9: Scattergram showing the correlational relationship between
the distance to New Quay Harbour (km) and the peak frequency of
echolocation clicks
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Distance from the points of recordings to the nearest shoreline was also
measured and a Pearsons Correlation Coefficient was conducted to establish if there
was a relationship between distance to the shore and peak frequency of echolocation
(Hz) and the number of echolocation clicks per second. There was no significant
correlation between distance to shore and either peak frequency (r = ‐0.107, p = 0.097;
Figure 10) or number of clicks per second (r = 0.019, p = 0.768; Figure 11). This
indicates that it is distance to the harbour, which has a high level of boat activity,
rather than just distance to the shore that affects the peak frequency of bottlenose
dolphin echolocation in this study.

Figure 10: Scattergraph illustrating the correlational relationship between
distance to the shore (km) and the Peak Frequency (Hz) of echolocation clicks
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Figure 11: Scattergraph illustrating the relationship between the distance to
the shore (km) and the number of echolocation clicks per second

The effect of depth of water on the peak frequency of echolocation clicks was
tested by using a Pearsons Correlation Coefficient to establish if there was a
relationship between depth of water and mean peak frequency of echolocation. The
results show a statistically significant negative correlation of with peak frequency
decreasing as water depth increases (r = ‐0.290, p= <0.01; Figure 12).

Figure 12: Scattergraph illustrating the correlational relationship
between water depth (m) and the peak frequency of echolocation clicks
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In addition to peak frequency, the number of clicks per second was calculated
for each of the 242 separated click trains, by counting the number of clicks and
dividing by the total time from the first to last click. A Mann‐Whitney‐U test conducted
found a statistically significant difference between the mean number of clicks per
second when boats were (n = 92) or were not present (n = 172; W = 10250.5, p =
0.001; Figure 13).

*
*

Figure 13: Bar chart demonstrating the Mean number of clicks per
second when other boats were present (n=92) and when boats were
not present (n=172). Standard Error bars are included. Asterix indicates
significant difference

The relationship between the number of clicks per second and water depth and
distance to the harbour was calculated using Pearson’s correlations. There was no
statistically significant relationship between distance from the harbour (km) and
number of clicks per second (r = ‐0.003, p =0.9650; Figure 14). However, there was a
statistically significant positive correlation between the depth of water and number of
clicks per second (r = 0.215, p = 0.001; Figure 15).
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Figure 14: Scattergraph illustrating the correlational relationship between
distance to harbour (km) and the number of echolocation clicks per second
including anomalous result

P = 0.001

Figure 15: Scattergraph illustrating the correlational relationship between
The depth of water (m) and the number of echolocation clicks per second
including anomalous result

However, it was observed that there was an obvious anomalous result of 141
clicks per second that may have skewed the results that may have caused the
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statistically significant correlation. Therefore, further Pearson’s Correlation’s were
conducted without including the anomaly. There was a slight change in the strength of
the correlation between depth of water and number of clicks per second when the
anomaly was omitted from analysis but there was a replication of a significant positive
correlation nonetheless (r = 0.207 p = 0.001, Figure 16). The correlation between
distance to harbour (km) and number of clicks per second, when replicated without
the anomaly was also found not to be statistically significant, (r = 0.052, p = 0.427,
Figure 17).

Figure 16: Scattergraph showing the correlational relationship between
the distance from New Quay Harbour (km) and the number of
echolocation clicks per second not including the anomalous result
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Figure 17: Scattergraph showing the correlational relationship between
depth of water (m) and number of echolocation clicks per second not
including the anomalous result
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4.0 DISCUSSION
4.1: The effect of boat presence on echolocation
The results indicate that the bottlenose dolphins of Cardigan Bay alter the
frequency of echolocation clicks when boats are present and that there is a negative
correlation between distance to harbour and peak frequency. As there was no
statistically significant difference between distance to shore and peak frequency of
echolocation, this indicates that it is boat noise from the harbour that may be
influencing the change in frequency, rather than other sources of anthropogenic or
biological noise, particularly as boat traffic is reported to be highest within the SAC at
New Quay Harbour (Allan et al., 2010). However, it is important to take into
consideration that boat noise may affect individuals differently, based on their age and
sex as well as species, and therefore it is unwise to extrapolate the findings shown in
this study (Weilgart, 2007).
Furthermore, the number of clicks per second decreased significantly when
boats were present, but not with distance to harbour. This may indicate that the rate
of echolocation clicks is only affected when at close range with boats. However, there
is a gap in echolocation frequency analysis between 2km and 6km (See Figures 9, 14
and 16). This was unintentional and the reason this occurred was due to the location
of the dolphins when recording took place. Mwnt and New Quay Harbour are where
bottlenose dolphins are most commonly observed along Cardigan Bay (Allan et al.,
2010), explaining why there are two clusters of data points.
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4.2: Acoustic Communication and echolocation of bottlenose dolphins
Bottlenose dolphins are known to make two different sound: clicks at peak
frequencies at a range of 110‐130 kHz (Au, 1993), and whistles with a peak frequency
range of 5‐20 kHz (Sayigh et al., 1990). Most anthropogenic noise from boats ranges
from 20‐200 kHz which propagate well at this low frequency (Tyack, 2008). During this
study, the hydrophone only recorded echolocation clicks, but no whistle sounds. This
may be because the dolphins were not whistling at the time of recording. Whistling is
thought to be used for communication purposes in a social context (Reiss et al., 1997)
so it would be expected that in recordings made when two or more dolphins were
present whistling would be heard, so this was unexpected. In light of this, the effect of
boat noise on the frequency of echolocation alone was investigated. As clicks are
broad spectrum noises covering broad, continuous range of frequencies, only the peak
frequency of each click was measured and compared.
However, there are many problems associated with collecting acoustical data
on dolphins in the wild as the echolocation beam emitted is narrow and if it is not
measured close to its axis, the signal can become distorted during the hydrophone
recording which will impact upon the quality of the sound recorded (Au and Herzing,
2003). Some studies overcome this by studying acoustic reactions of captive dolphins
to artificial noises (e.g. Caldwell and Caldwell, 1968). However, the findings of such
studies cannot be extrapolated to free‐ranging dolphins as the acoustics in a tank
environment are very different to those under open water and there is evidence to
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show geographical variations between the vocal activity and echolocation patterns of
bottlenose dolphins (Jones and Sayigh, 2002). This was not taken into account in this
study, so the frequencies analysed may not have been accurate. In order to reduce the
impact of this in future experiments, an array of hydrophones could be used to
determine the distance of the dolphin (Au, 2003).
The change in peak echolocation frequency in response to boat noise supports
the findings of previous studies investigating the effect of boats e.g. in right whales
(Parks et al., 2007) and beluga whales (Lesage et al., 1999). However, it was proposed
by Au et al., (1974) that bottlenose dolphins can hear more efficiently at higher peak
frequencies rather than lower ones, unlike mysticetes which communicate at lower
frequencies (Tyack, 2008). Therefore, it would be expected, that rather than lowering
their peak frequency, they would increase it, in order to distinguish echolocation clicks
more efficiently when signal masking occurs caused by boat noise, for example.
Sounds with higher frequencies also propagate through shorter distances, due to more
rapid absorption through sea water (Urick,1972), therefore meaning it may be an
advantage to lower the frequency of echolocation in the presence of boats.
It has been suggested that the frequency of acoustic signals emitted by
bottlenose dolphins is linked to the intensity of the sound (Au and Nachtigall, 1997). A
comparison can be made to the results of this study as when boats were absent, both
the peak frequency of echolocation and the number of clicks per second were
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statistically significantly higher. Further research could be conducted to analyse the
connection between frequency of echolocation and intensity of echolocation clicks.
Different types of boat and engine produce noises of different frequency with
ferries having the greatest affect on the vocal behaviour of belugas (Lesage et al.
(1999). In this study the boats present when recordings were made were all
recreational motor boats and small commercial visitor passenger vessels, meaning
there was not too much variation in the volume of boat noise made between different
recordings.
As there are only 33 moorings within New Quay Harbour (Ceredigion County
Council et al., 2008), and there are regular trips that follow the same route daily, it
could be likely that the dolphins could become habituated to their presence over time.
However, as bottlenose dolphins live in a fission‐fusion society (Mann et al., 2000) and
some groups of individuals show stronger site fidelity than others (Bristow and Rees,
2001), the plasticity of being able to alter the frequency of echolocation sounds may
still be of importance. Furthermore, bottlenose dolphins are relatively long lived: both
males and females can live for up to 40‐50 years with a slight sex bias as males tend
not to survive as long as females, on average (Wells and Scott, 1990). Therefore, within
an individual’s lifetime, and with increasing boat traffic, an individual may have had to
make alteration to avoid signal masking within its lifetime. However, the length that
cetaceans live for may not be able to adapt genetically, quick enough to the pace of
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change in anthropogenic noise and habitat that may occur during an individuals’
lifetime (Rabin and Greene, 2002).
4.3: The effects of boats on bottlenose dolphins in Cardigan Bay
The Code of Conduct within the Cardigan Bay SAC Management Plan has only
recently been established in 2001 (Ceredigion County Council et al., 2008), in response
to increasing tourism and increasing research on the effect of boats on the behaviour
of these cetaceans. This voluntary Code of Conduct has already proved successful as in
2008 and 2009, 87% of boat users complied with this voluntary Code of Conduct (Allan
et al., 2010). The speed restrictions and distance regulations to maintain between the
boats and dolphins are likely to have had a positive effect as the number of negative
behavioural responses by dolphins to boat which comply with the Code is much lower
than with those who go against the regulations. It has previously been shown that
increased boat speed increases the volume of noise produced, and therefore increases
the distance the sound travels through the water (Arveson and Vendittus, 2000).
This study only investigated the effects of boat noise on bottlenose dolphins.
However, there is another commonly occurring cetacean within the Cardigan Bay SAC:
the harbour porpoise (Ceredigion County Council et al., 2008). These cetaceans are
more elusive and thus harder to observe and study but with the use of TPOD’s which
enable species‐specific and long‐term acoustic behaviour (Simon et al, 2010) the
effects on the frequency of echolocation clicks by boat noise in this species could also
be studied, to find whether boat noise has a universal effect on all cetacean species.
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Although harbour porpoise do not use whistles to communicate, unlike bottlenose
dolphins, they are able to communicate acoustically using a specific pattern of clicks,
similar to those used for echolocation. This requires that they have less distance
between individuals, when compared to other cetacean species in order to
communicate effectively (Clausen et al, 2010). Therefore, the effects of boat noise
could have a more severe masking effect on harbour porpoise communication and
further study using T‐POD’s could be conducted to investigate whether they change
the frequency of their acoustical projections.
However, of possible future concern is the impact of scallop dredging as although it is
currently banned, there is the potential for scallop dredgers from Scotland and Spain
to dredge on the border or even within the SAC as there is limited law enforcement
(Bianchessi, 2008). As well as affecting food availability for foraging dolphins
(Eleftheriou and Robertson, 1992), this method creates increased ambient noise
volumes which may contribute to signal masking, although due to the low frequency of
the noise produced it is less likely to affect odontocetes which communicate at a
relatively high frequency (Thompson et al., 2009). Further research should be
conducted to monitor levels of noise created by scallop dredging, and the possible
acoustical impacts on local cetaceans.
4.4: The effect of water depth on echolocation
The effect of depth of water on echolocation frequency was also investigated in
this study and it was found that bottlenose dolphins have a higher peak frequency of
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echolocation at lower depths, with a negative correlation between increasing water
depth and peak frequency of echolocation. Cardigan Bay is a relatively shallow area,
with an average depth of 40m and reaching depths of no more than 50m, in
comparison to an average sea depth of around 40km (Evans, 1995). Although this
means that data could only be collected over a narrow range of depths, a clear pattern
is apparent. However, there is little scientific study in this area at current.
Number of clicks per second also increased significantly with increasing depth
of water. However, there are many factors which could have affected this other than
water depth; for example, different behaviours may have been conducted by
individuals at the time of each recordings. It is likely that foraging activity will cause
click rate to increase when compared to behaviours such as travelling (Au, 1993),
regardless of water depth. In this study, the most common behaviour recording at the
time of acoustical recordings was foraging (43.48%) meaning this could be a
contributing factor to the change in click rate. However it has been found that as
pressure increases at greater water depth, that although the whistle response of two
white whales (Delphinapterus leucas) changed at depth causing higher peak
frequencies of sounds emitted as greater depths, they had unchanged hearing
sensitivity (Ridgway et al, 2001). This has consequences for the study of anthropogenic
noise on cetaceans, as it seems that noise can propagate and possibly cause signal
masking of the same level of impact both at depth as at the surface. However, in
contrast, peak frequency of the social calls of short‐finned pilot whales (Globicephala
macrorhynchus) were unaffected by increasing depths up to 800m, although the
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length of calls was shorter at depth (Jenson et al., 2011) meaning it is unclear whether
all odontocetes have the same response to water depth.
4.5: Evidence and Implications of Signal Masking
The results in this study indicate that boat noise may have a negative impact by
causing signal masking so that bottlenose dolphins have to adjust the frequency of
their echolocation clicks to compensate for it. However, anthropogenic noise is not the
only source of noise in the marine environment that may have a similar effect. For
example, snapping shrimp (family Alpheidae), which were heard by the hydrophone
during this study, are known to create high levels of ambient noise by the rapid closure
of its enlarged claw which creates a bubble cavitation which upon collapse, creates a
sound up to 220 dB (Versluis et al., 2000). They can produce sound over a wide range
of frequencies from two Hz to >200 KHz (Au and Banks, 1998). Large congregations of
snapping shrimp, can therefore increase the ambient noise level greatly. Furthermore,
as these are bottom dwelling animals, and Cardigan Bay is relatively shallow,
attenuation of this noise would be expected to be high, particularly at times of low sea
state, where noise transmitted from snapping shrimp can travel up to 1 mile, with
highest abundance of shrimp found at depths up to 40 fathoms, or 55 metres (Johnson
et al., 1947). Therefore, this shows that dolphins in Cardigan Bay are already subject
to loud ambient noise from biological sources as well as anthropogenic ones. It is
therefore hard to establish the direct source causing an effect of frequency change as
it may be that varying levels of snapping shrimp noise in localised areas may cause
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signal interference and may be a contributing factor to the change in echolocation
frequency.
Although much of the recent research on the effect of boat noise on cetacean
communication and echolocation shows the short term effects of signal masking e.g. in
mysticetes (Clark et al., 2009) and in bottlenose dolphins (Jenson et al., 2009), further
research is required to determine long term impacts of anthropogenic noise in
particular, to see if it has behavioural effects which in turn, could reduce reproductive
success. Possible long term effects suggested include: a reduction in foraging or mating
opportunities, although mysticetes with long distance communication calls may be
affected more than odontocetes, or physiological consequences such as increased
stress levels (Weilgart, 2007). Further behavioural changes such as displacement from
important habitats may occur, although whether this has a positive or negative effect
will depend on the relative quality of the original habitat and the habitat cetaceans
move to when displaced (Nowacek et al., 2007). However Nowacek et al., 2007 also
discuss that anthropogenic noise may have a positive effect in the context of acoustical
deterrents which can reduce the number of cetaceans caught as by‐catch.
In comparison with other areas where bottlenose dolphins inhabit, the number
of boats and therefore boat noise is relatively low with 133 boat moorings in New
Quay Harbour, 80 at Aberaeron and 300 at Cardigan (Ceredigion County Council et al.,
2008). Perhaps this is one of the reasons it is a popular habitat for bottlenose dolphins,
although they are known to occur globally in areas with heavy boat usage. It would be
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interesting to conduct further research to compare the acoustics of the echolocation
of dolphins in Cardigan Bay to those in a much noisier area, such as the English
Channel as it would be expected that the dolphins in a noisier environment would
have to change their frequency to avoid signal masking to a much greater degree.
4.6: Conclusion
Overall, the results shown here indicate that boat noise impacts upon the
acoustic behaviour of bottlenose dolphins as they significantly lower the peak
frequency (Hz) of their echolocation clicks when boats are present. Distance to the
harbour also has a significant positive correlation to the peak frequency of bottlenose
dolphin echolocation. Therefore, although boat noise may cause signal masking, the
dolphins of Cardigan Bay are able to compensate to overcome this anthropogenic
source of masking. There was also a significant positive correlation between water
depth and the frequency of echolocation, further illustrating the plasticity of
echolocation clicks of bottlenose dolphins in response to environmental conditions.
Further investigations need to be conducted in order to determine the long‐term
impacts of boat noise on acoustic echolocation and communication as well as study
the wider impacts that boat noise may have on bottlenose dolphin behaviour overall.
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