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Background 

The Hebridean Whale and Dolphin Trust (HWDT) has conducted visual and acoustic line-
transect surveys off the west coast of Scotland since 2003 using its dedicated research 
vessel, Silurian. Passive acoustic monitoring (PAM) plays a key role in these surveys, and 
HWDT’s survey platform has enabled new technologies and methodologies in practical 
acoustic survey to be developed and used. HWDT has used newly-developed techniques to 
analyse white-beaked dolphin and Risso’s dolphin acoustic data collected from Silurian and 
from other survey platforms around the UK. This report presents the outcomes of this 
analysis in the following areas: 
 
Main findings 

 Clicks from white-beaked dolphins and Risso’s dolphins can be readily detected and 
identified to species level by the frequency banding that can be seen in some of their 
clicks. Using the average correlation over a whole acoustic event, 90% of white-beaked 
events were correctly classified and 100% of Risso’s events were correctly classified, 
although the Risso’s sample size was only six events.  

 This use of clicks in addition to whistles in species detection and identification lends 
further support to the use of passive acoustics as a means of surveying for these species, 
most likely in conjunction with visual effort.  

 The findings of this report demonstrate that passive acoustic monitoring could make a key 
contribution to the current requirement to understand the distribution of white-beaked and 
Risso’s dolphins in Scottish waters and identify sites for Marine Protected Areas. 

 In addition to providing a valuable proof of concept, this project has also highlighted 
where further work is required. Recordings of sufficient quality, in particular for Risso’s 
dolphins, are still lacking. There is also a need to increase understanding of the variability 
between clicks, for which more recordings are required.  

 This project did not find sufficiently clear regional differences in click characteristics to 
determine population units. However, the use of acoustics to make inferences about 
population structure would merit revisiting, given the potential value for management 
decisions affecting the conservation of these species of a better understanding of 
population structure. 
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1. INTRODUCTION 

The white-beaked dolphin (Lagenorhynchus albirostris) has a restricted range, being 
endemic to the North Atlantic Ocean, with a mainly northerly distribution over colder 
continental shelf waters. UK populations comprise a significant proportion of the worldwide 
population, the only cetacean for which this is the case. An estimated 80% of the European 
population (UKBAP, 2008) is in UK waters, mostly in the waters around Scotland and off 
northeast England. On the west coast of Scotland, white-beaked dolphins occur mainly 
around the northern Minch and Western Isles (Hammond et al., 1995; Northridge et al., 
1995; Reid et al., 2003; SCANS II, 2008; Weir et al., 2009). 
 
Risso’s dolphins (Grampus griseus), are more widely distributed worldwide, but are also an 
important Scottish cetacean species. There are some known high density areas in the Outer 
Hebrides, but information outside these areas is sparse.  
 
Both species have been proposed as Priority Marine Features (PMF) by SNH (Howson et 
al., 2012). They have also been identified as search features for Scottish Marine Protected 
Areas (MPAs). However, the ecology, population structure, abundance and distribution of 
both species are poorly understood, in part as a result of the difficulty and expense of 
surveying them. 
 
Passive acoustic monitoring is increasingly being used to investigate cetacean distribution 
and abundance, and may be particularly suitable in the case of white-beaked and Risso’s 
dolphins. Data collected by HWDT on the west coast of Scotland, combined with datasets 
from other areas in Scotland and the North Sea, have the clear potential to provide new 
information through analysis of the spectral characteristics of white-beaked and Risso’s 
dolphin clicks. In this project, we have analysed HWDT’s white-beaked and Risso’s dolphin 
recordings made during surveys. We have also collated, processed and analysed other 
recordings from the west coast of Scotland, the east coast of the UK, and the English 
Channel to assess whether there are sufficient characteristic elements within white-beaked 
and Risso’s dolphin clicks to allow reliable click classification algorithms that distinguish to 
species level to be developed. Recordings have also been examined for evidence of 
regional variation in click characteristics which may be indicative of population substructure.  
 
Preliminary analysis which took place prior to this project suggested that there were spectral 
characteristics in white-beaked and Risso’s dolphin clicks which could identify them to 
species level. These characteristics comprised distinct spectral peaks and troughs at 
consistent frequencies in the clicks of both species. Previous work by Soldevilla et al. (2008) 
has demonstrated such frequency banding for another Lagenorhynchus species, the Pacific 
white-sided dolphin (L. obliquidens), and for Risso’s dolphins. This suggested the possibility 
of banding also being present in white-beaked dolphins, although work on this species in 
Iceland did not report evidence of such acoustic characteristics (Rasmussen & Miller, 2002). 
However, Rasmussen & Miller (2002) generally focused on the peak frequency of white-
beaked dolphin clicks, which they report as >100 kHz, whereas in this study we focus on the 
lower frequencies. There was also some indication in the case of white-beaked dolphins that 
there might be frequency differences in these bands indicative of population structuring. 
However, these findings were based on a small sample size. By analysing more recordings 
in a greater level of detail, this project aimed to assess these possibilities in more depth. 
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The specific aims of the project were to: 
 

1. Describe acoustic characteristics of white-beaked and Risso’s dolphin vocalisations 
from Scottish and adjacent waters. Report on the scope for highly automated 
detection and classification from vocalisations detected during towed hydrophone 
surveys. 

2. Report on the potential for identifying sub-populations based on acoustic 
characteristics. 

3. Present new information on densities and distributions of white-beaked and Risso’s 
dolphins in the Hebrides based on analysis of acoustic data from Silurian towed 
hydrophone surveys. 

4. Report on strategies for cost-effective passive acoustic monitoring schemes for these 
species in Scottish waters. 

5. Recommend useful technical developments and future fieldwork. 
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2. METHODS 

2.1  White-beaked dolphins 

For this project we have brought together both our own recordings and acoustic data from 
several other sources (Table 1). All recordings were WAV files and were collected at a 
sample rate ≥192,000 samples per second. The majority of recordings incorporated a high 
pass filter at 20 kHz. The following data were collated for analysis: 
 

 Recordings made from HWDT’s research vessel Silurian on the west coast of 
Scotland. 

 Recordings made from surveys in areas of planned offshore wind farm developments 
in the northern and southern North Sea.  

 Recordings made by the International Fund for Animal Welfare (IFAW) research 
vessel Song of the Whale in the North Sea and English Channel. 

 
Of these recordings, some were excluded from analysis for the following reasons: 

 Detections were of insufficient quality/signal strength (n=14). 
 Other species were present at the time of, or close to, the encounter and there was a 

risk that vocalisations might be confused with them (n=9). 
 Encounters were too close together in time. To avoid inadvertently sampling the 

same group twice, a time period of at least 30 minutes of clear steaming between 
encounters was enforced (n=1). 

 There was no concurrent visual sighting and so there was some level of uncertainty 
that the detection was of the target species (n=4). 
 

Once these recordings had been excluded, 61 recordings remained which were of sufficient 
quality for analysis. The raw WAV files were batch-processed using PAMGUARD – free, 
open-source software developed for the real-time detection and offline analysis of cetacean 
vocalisations (www.pamguard.org, Gillespie et al., 2008). This batch-processing, using a 
customised click detector module, converted the WAV files into ‘binary’ files which included a 
short sample of WAV data for each click allowing the closer analysis of acoustic 
characteristics. The click detector settings (specifically the two types of frequency filter used 
by PAMGUARD to remove noise and maximise the detector’s performance, the pre-filter and 
the trigger filter) were customised based on the broadband click characteristics of white-
beaked dolphins. These click detector parameters are shown in Table 2. 
 
The batch-processed data were reviewed in PAMGUARD Viewer, the offline component of 
PAMGUARD. When an acoustic encounter was identified in the binary file, the clicks 
comprising this encounter were stored as an ‘event’ in an MS Access database, which 
logged the time, position and number of clicks in the stored event. Events varied 
considerably in duration and in the number of clicks within the encounter. Some events, such 
as those recordings on wind farm and Song of the Whale line transect surveys, were quite 
brief (approximately 2 to 5 minutes), as the vessel continued on its survey track without 
slowing down or closing with groups. Other events, chiefly those recorded by HWDT from 
Silurian, were considerably longer, as the vessel would slow down and close with dolphin 
schools to obtain more information on the animals, take photographs for photo-identification 
purposes and make more extensive recordings. The latter encounters often resulted in 
events comprising many thousands of clicks. To overcome this discrepancy in encounter 
length, once an event had been stored, it was then further divided into ‘sub-events’ for 
detailed analysis. These sub-events were batches of 20-40 successive clicks within the 
encounter, and enabled comparable sized samples to be analysed. In some cases, these 
sub-events comprised all the clicks in an event, but for events with very large numbers of 
clicks, a selection of random samples was taken and stored as sub-events. 
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Table 1. Data sources for white-beaked dolphin recordings. 
 

Recording 
location 

Source Year 
 

Vessel Recording system Number of 
encounters 
with 
acoustic 
recordings 

Number of 
recordings 
suitable for 
analysis 

Scotland 
West 
Coast 

HWDT 2008 
2011 
2012 

Silurian 
(18m motor-
sailer) 

MER/SCANS 
stereo hydrophone 
array with near flat 
frequency response 
(2-150 kHz). 100m 
cable length 

39 22 

Scotland 
West 
Coast 

HWDT / 
Ketos 
Ecology 

2007 Silurian 
(18m motor-
sailer) 

SCANS stereo 
hydrophone array 
with near flat 
frequency response 
(2-150 kHz). 100m 
cable length 

6 5 

Scotland 
North Sea 
(Neart na 
Gaoithe & 
Inch Cape) 

EIA – 
Mainstream 
Renewable 
Power & 
Repsol 

2011 
2012 

Fleur de Lys 
(22m motor 
vessel) & 
Eileen May 
(17m motor 
vessel) 

MER stereo 
hydrophone array 
with near flat 
frequency response 
(2-150 kHz). 200m 
cable length 

5 2 

North Sea 
(Hornsea) 

EIA – 
SmartWind 
Ltd 

2010 
2011 
2012 

Southern 
Star (35m 
motor 
vessel) 

MER stereo 
hydrophone array 
with near flat 
frequency response 
(2-150 kHz). 200m 
cable length 

21 15 

North Sea 
(Dogger 
Bank) 

IFAW 2011 Song of the 
Whale (21m 
motor-
sailer) 

Seiche stereo 
hydrophone array 
with near flat 
frequency response 
(2-200 kHz). 200m 
cable length 

9 8 

North Sea 
(central) 

IFAW 2012 Song of the 
Whale (21m 
motor-
sailer) 

MCR stereo 
hydrophone array 
with near flat 
frequency response 
(2-150 kHz). 200m 
cable length 

8 8 

English 
Channel 

IFAW 2011 Song of the 
Whale (21m 
motor-
sailer) 

Seiche stereo 
hydrophone array 
with near flat 
frequency response 
(2-200 kHz). 100m 
cable length 

1 1 

Total     89 61 
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Table 2. Filter settings for processing raw data: white-beaked dolphins.  
 
Filter 
 

Cut off frequencies  

Pre-Filter High Pass 
 

2,000 Hz 

 Low Pass 
 

180,000 Hz 

Trigger Filter High Pass 
 

40,000 Hz 

 Low Pass 
 

150,000 Hz 

 
 
It was clear during this stage of analysis that the white-beaked dolphin click repertoire was 
highly variable, and comprised both broadband and narrowband clicks. As successive clicks 
within a sequence could have broadband and narrowband characteristics, clicks with 
different characteristics would sometimes be grouped together within a sub-event.   
 
Sub-events were displayed as concatenated spectrograms. These showed the spectra for 
each identified click stacked up sequentially and were useful for demonstrating whether 
there were consistent peaks at certain frequency bands present in broadband clicks, and 
showing the frequency of a strong narrowband component. An average template of each 
sub-event was then derived based on the arithmetic mean of amplitudes in each frequency 
band. The bearing of each sub-event was also noted to enable the investigation of any 
possible effects of the orientation of animals with respect to the survey vessel on the 
acoustic characteristics of clicks. Although bearing from the hydrophone does not relate 
directly to the orientation of the animal, there are circumstances, such as when animals are 
bow-riding, when a consistent bearing is indicative of certain behaviours and likely relative 
orientations.  
 
Initial ‘model’ templates were generated for typical broadband and narrowband clicks based 
on examination of the frequency spectra of the clicks within a number of events and taking 
an average from these. The average frequency spectrum from each sub-event was then 
compared with these model templates. Sub-events with sufficient similarity to the model 
templates (correlation coefficient >0.6) were used to create overall templates for broadband 
and narrowband clicks, from the west coast of Scotland (West Coast) and North Sea. Those 
sub-events where the correlation coefficient was <0.6 (normally due to the sub-event 
comprising both broadband and narrowband clicks) were not used in these overall templates 
used for click classification. The overall broadband and narrowband templates were then 
used to classify the clicks into each category so that the characteristics of each click type 
could be described and any differences in these click types between areas could be 
investigated. To investigate differences between areas, each sub-event template was 
correlated with the overall template for the West Coast and North Sea. The correlation 
coefficients from this comparison could then be plotted to visually inspect scatter and 
examine the proportion of sub-events that were classified correctly to area. 
 
To investigate the potential for developing an automated classifier for white-beaked dolphins 
based on their broadband click characteristics, a sinusoidal template was generated of the 
form with a phase and frequency based on the least squares fit to the 
average broadband template in the 40 kHz to 80 kHz frequency band.  
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The relative amplitude of the average template in 22 frequency bands of 1.95 kHz spacing 
between 39.1 and 80.1 kHz from each sub-event was then correlated with this sinusoidal 
template. 
 
2.2  Risso’s dolphins 

Recordings of Risso’s dolphins from six encounters were available for analysis (Table 3). A 
similar protocol was followed for the processing of Risso’s dolphin clicks using PAMGUARD 
as for white-beaked dolphins (see Section 2.1).  
 
Table 3. Data sources for Risso’s dolphin recordings. 
 
Recording 
location 

Source Year Vessel Recording system Number of 
encounters 
with 
acoustic 
recordings 

Scotland 
West 
Coast 

HWDT 2012 Silurian 
(18m 
motor-
sailer) 

MER stereo 
hydrophone array 
with near flat 
frequency response 
(2-150 kHz). 100m 
cable length 

1 

Scotland 
West 
Coast 
(west of 
Islay) 

DP Energy 2010 
2011 

Aora 
(22m 
motor-
vessel) 

MER stereo 
hydrophone array 
with near flat 
frequency response 
(2-150 kHz). 100m 
cable length 

3 

Orkney SSE 
Renewables 

2013 Karin 
(24m 
motor 
vessel) 

MER stereo 
hydrophone array 
with near flat 
frequency response 
(2-150 kHz). 200m 
cable length 

5 

English 
Channel 

IFAW 2012 Song of 
the 
Whale 
(21m 
motor-
sailer) 

Seiche stereo 
hydrophone array 
with near flat 
frequency response 
(2-200 kHz). 400m 
cable length 

1 
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Table 4. Filter settings for processing raw data: Risso’s dolphins.  
 
Filter 
 

Cut off frequencies  

Pre-Filter High Pass 
 

2,000 Hz 

 Low Pass 
 

180,000 Hz 

Trigger Filter High Pass 
 

5,000 Hz 

 Low Pass 
 

150,000 Hz 

 
As with white-beaked dolphins, an acoustic encounter with dolphins was marked as an event 
and stored to a database, and then divided into sub-events of 20-40 clicks. With Risso’s 
dolphins, a differentiation in the click repetition frequency was evident between burst-
pulses/buzz click trains (with a very rapid pulse repetition frequency) and ‘slow’ click trains. 
These were therefore marked up differently to investigate whether they differed in their 
acoustic characteristics. 
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3. RESULTS 

3.1 White-beaked dolphins 

 
 
Figure 1. Locations of white-beaked dolphin acoustic encounters. 
 
Figure 1 shows the locations of white-beaked dolphin acoustic encounters. The year-round 
SmartWind EIA survey data are described in more detail in SmartWind (2012), including 
density estimates and seasonal patterns for the survey block surveyed. The IFAW data are 
described in Marine Conservation Research International (2012), including the survey tracks 
around the Dogger Bank, sightings effort, number of sightings and acoustic detections. 
Similar data are given in Leaper & Gordon (2012) for the survey area off the east coast of 
Scotland. All data from the west coast of Scotland come from HWDT during summer. The 
data collected in collaboration with Ketos Ecology are described in Weir et al. (2009). Weir et 
al. (2009) describe a relatively small area of the North Minch where white-beaked dolphins 
were concentrated, and the more recent data from HWDT also indicate concentrations within 
this area. The HWDT data also suggest concentrations of white-beaked dolphins in the 
western Sea of the Hebrides from South Uist to Barra Head. There has been much less 
survey effort to the west of the Outer Hebrides and so it is difficult to speculate about 
consistent distribution patterns in this area.  
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Acoustic characteristics of white-beaked dolphin clicks 
 
White-beaked dolphin events and sub-events are summarised in Table 5. The clicks could 
be divided into those that had energy across many frequencies (broadband) and those 
where the energy was confined to a more restricted frequency range (narrowband). 
Narrowband clicks had peaks between 27 and 37 kHz. Figure 2 shows several bursts of 
clicks with a frequency centred at approximately 35 kHz. Figure 3 shows the average 
spectrum across a whole sub-event. 
 
Table 5. Summary of white-beaked dolphin events and sub-events. 
 

Total number of events analysed 
 

61 

Total number of sub-events 
 

818 

Total number of sub-events classified as narrowband 
 

149 

      Narrowband sub-events North Sea 
 

44 

      Narrowband sub-events West Coast 
 

105 

Total number of sub-events classified as broadband 
 

439 

      Broadband sub-events North Sea 
 

187 

      Broadband sub-events West Coast 
 

252 

 

 
 
Figure 2. Narrowband clicks at 35 kHz in a single sub-event. The very simple waveform 
structure of a single click can be seen in the bottom left hand window, the narrowband 35 
kHz peak in the middle window, and the concatenated spectrum shows all the energy of the 
sub-event concentrated at 35 kHz. 
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Figure 3. Example of the average of spectra from multiple clicks within a sub-event which 
was classified as having narrowband properties. 
 
However, as shown in Figure 4, taken from a different part of the same event as Figure 2, 
broadband clicks from white-beaked dolphins were also recorded.  
 

 
 
Figure 4. White-beaked dolphin broadband clicks. The complex waveform structure of a 
single click can be seen in the bottom left hand window, the broadband distribution of 
frequencies in the middle window, and the concatenated spectrum shows energy across 
multiple frequencies. 
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Whilst some broadband clicks showed some energy below 70 kHz (Figure 5), energy in 
other clicks was predominantly at frequencies above 70 kHz, with very little energy in the 
lower frequencies (Figure 6).   
 

 
 
Figure 5. Example of the average spectra from multiple clicks within a sub-event that was 
classified as broadband, with some energy below 70 kHz. 
 

 
 
Figure 6. Example of the average spectra from multiple clicks within a sub-event that was 
classified as broadband, with almost all energy above 70 kHz. 
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This high level of variability of clicks was evident within single click trains, where successive 
clicks in a train showed broadband and narrowband properties (Figure 7). 
 

 
 
Figure 7. Example of average spectra of a sub-event which contained both broadband and 
narrowband clicks. 
 
Plots of the bearings of clicks from the hydrophone showed that the majority of sub-events 
dominated by narrowband clicks were astern of the vessel (Figures 8 and 9). This variation 
in the relative frequency of broad and narrowband clicks by bearing suggests that they are 
either produced in different behavioural contexts, or that they reflect the relative orientation 
of the animals. The data plotted here are, of course, the bearings relative to the vessel but it 
is likely that there would be a relationship between this and bearing relative to the dolphins’ 
orientation. For example, in a bow-riding scenario, most animals ahead may be bow-riding 
and thus clicks picked up on the hydrophone will have been transmitted from the back of the 
animal. Animals behind the hydrophone may be swimming to catch the vessel in which case 
most clicks would have been transmitted forward from the dolphins. Dolphin clicks are highly 
directional and the received clicks recorded in the main beam (close to the main directional 
axis) have been shown to be simpler and to have a narrower bandwidth than those received 
from dolphins not orientating directly towards the hydrophone (Wahlberg et al., 2011). 
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Figure 8. Frequency distribution of broad and narrowband clicks by bearing from 
hydrophone.  
 

 
 
Figure 9. Ratio of narrowband to broadband sub-events by bearing from the hydrophone. 
 
The potential for developing an automated classifier for white-beaked dolphins based 
on click characteristics 
 
A sinusoidal template of the form  for frequencies 20 kHz < x < 40 kHz 
was fitted by least squares to the model template to estimate ω (2π/8.83 kHz) and ε (1.52π). 
This showed a periodicity equivalent to harmonics at a consistent frequency spacing of 
integer multiples of 8.83 kHz (peaks at around 47 kHz, 56 kHz, 65 kHz, etc). In total, 72% 
(44/61) of events had at least one sub-event which showed a significant (p<0.05) positive 
correlation with the sinusoidal template in Figure 10.  
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Figure 10. Sinusoidal template for frequencies between 40 and 80 kHz. The phase and 
frequency of the waveform used in the template was obtained by least squares fit to the 
average broadband template. 
 
Figure 11, which shows the distribution of correlation coefficients from all sub-events with the 
sinusoidal template (Figure 10), is skewed towards positive values. The majority, comprising 
75% of sub-events (615/818), showed a positive correlation with the template, showing the 
periodic nature of energy at specific frequencies. Although not all white-beaked dolphin 
clicks show these banding characteristics, most events contain some clicks which do. Where 
such banded clicks occur, the location and spacing of peaks in the frequency spectra would 
appear to be diagnostic (e.g. Figure 12). 
 

 
 
Figure 11. Distribution of correlation coefficients of all sub-event templates with the 
sinusoidal template. The positive skew indicates consistent peaks in sound energy within the 
dolphin clicks in addition to consistent 8.8 kHz spacing between peaks. 
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Figure 12. Example of broadband click with sinusoidal template between 40-80 kHz in blue, 
showing peaks in energy within the click matching the template.  
 
The potential for identifying sub-populations based on acoustic characteristics 
 
A comparison of the overall templates of narrowband clicks between the North Sea and 
West Coast demonstrated that narrowband clicks were recorded from white-beaked dolphins 
on both coasts, and the peaks in frequency coincided (Figure 13). 
 

 
 
Figure 13. Overall templates for narrowband clicks from North Sea and West Coast, showing 
coinciding peaks in frequency. 
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The same was true of broadband clicks, where the overall templates did not show any clear 
differences between the coasts (Figure 14). This was confirmed by using a single sub-event 
from each event to give approximately the same weight to each encounter (Figure 15). 
 

 
 
Figure 14. Overall templates for broadband clicks from North Sea and West Coast showing 
coinciding peaks at lower frequencies (30-80 kHz). The difference at higher frequencies 
(above 100 kHz) may be due to the differing nature of data collection: on the west coast, 
encounters usually included longer periods with dolphins closer to the vessel, resulting in the 
detection of more higher frequency elements of the clicks. 
 

 
 
Figure 15. Overall templates for broadband clicks from North Sea and West Coast using a 
single randomly selected sub-event from those classified as broadband within each event. A 
single sub-event was chosen randomly in order to have approximately the same number of 
clicks within each template.  
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Figure 16 (correlation coefficients of each sub-event template which was classified as 
narrowband with the North Sea and West Coast narrowband templates) and Figure 17 
(correlation coefficients of each sub-event template which was classified as broadband with 
the North Sea and West Coast broadband templates) show some separation between 
regions, but not sufficient to allow reliable allocation to region. These results suggest that 
there may be some differences in vocal behaviour between the North Sea and West Coast 
but these differences are not sufficiently distinct to propose separate populations.   
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Figure 16. Correlation coefficients of each sub-event template which was classified as 
narrowband with the North Sea and West Coast narrowband templates. 
 

 
 
Figure 17. Correlation coefficients of each sub-event template which was classified as 
broadband with the North Sea and West Coast broadband templates. 
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White-beaked dolphins in the English Channel appeared to group with the North Sea on both 
narrow and broadband clicks (Figures 18 and 19). However, dolphins from the Sea of the 
Hebrides grouped with North Sea on narrowband and West Coast on broadband. The 
unexpected grouping of West Coast dolphins with the North Sea suggests caution is needed 
in interpreting any of these results. There are a number of factors including recording from 
different vessels and using different hydrophones which may contribute to apparent 
differences in received vocal characteristics between areas.  
 

 
 
Figure 18. Correlation coefficients of each sub-event template which was classified as 
narrowband with the North Sea and West Coast narrowband templates showing sub-events 
from the English Channel and West Coast divided into Minches and Sea of the Hebrides (no 
sub-events from the northern North Sea were classified as being predominantly 
narrowband). 
 

 
 
Figure 19. Correlation coefficients of each sub-event template which was classified as 
broadband with the North Sea and West Coast broadband templates. Sub-event templates 
are from the English Channel; West Coast divided into Minches and Sea of the Hebrides and 
North Sea divided into northern and southern regions. 
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3.2 Risso’s dolphins 

 
 
Figure 20. Location of Risso’s dolphin acoustic encounters. 
 
Acoustic data from six visually confirmed Risso’s dolphin encounters were examined to 
explore acoustic characteristics of clicks. Encounters occurred from 2010 to 2013 inclusive, 
and were taken from multiple sources (Table 3). An average spectrum was made from all 
clicks from each event (Figure 21).  
 
When marking up Risso’s dolphin events, there was evidence of clear differentiation in the 
click repetition frequency between burst-pulses/buzz click trains and ‘slow’ click trains. 
Separate spectral templates were therefore also made for ‘slow’ click train events (Figure 
22) and burst-pulse/buzz click events, of which there were four (Figure 23).  
 
Only four of the six events included the characteristic burst-pulse/buzz click trains, and these 
events were from surveys where time was spent with the dolphins conducting either photo-
ID or prolonged acoustic recordings. There were no consistent differences in the acoustic 
characteristics of clicks that comprised the different click train types.  
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Figure 21. Risso’s dolphin spectral templates (<80 kHz relative amplitude – average of all 
clicks for an event). 
 

 
 
Figure 22. Spectral templates of Risso’s dolphin ‘slow’ click train events (<80 kHz relative 
amplitude). 



 

21  

 
 
Figure 23. Spectral templates of Risso’s dolphin burst-pulses/buzz click train events (<80 
kHz relative amplitude). Template 3 corresponds to Template 4 in Figure 21 and Template 4 
corresponds to template 6 in Figure 21. 
 
A model template for Risso’s clicks (Figure 24) was developed based on an average of 
spectra from four sub-events which exhibited the range of spectral characteristics shown in 
Figures 22 and 23. Average templates from 81% of sub-events (211/260) were significantly 
(p<0.05) correlated with this model template. The overall distribution of correlation 
coefficients between the model template and the average for each sub-event is shown in 
Figure 25.  
 

 
 
Figure 24. Model template for Risso’s dolphin clicks. Blue line shows fitted sinusoidal 
template. 
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Figure 25. Distribution of correlation coefficients of average templates from all Risso’s 
dolphin sub-events and the model template in Figure 18.  
 
3.3 Distinguishing between Risso’s and white-beaked dolphin clicks 

Risso’s dolphin clicks generally showed less variability than those of white-beaked dolphins. 
As was the case for white-beaked dolphin broadband clicks, harmonics were evident in 
many Risso’s dolphin clicks, and within the model template. A sinusoidal template of the 
form  for frequencies 27 kHz < x < 66 kHz was fitted by least squares to 
the model template to estimate ω (2π/8.55 kHz) and ε (1.22π) (Figure 24). The peaks in 
frequency of the fitted sinusoidal model at 21, 29 and 38 kHz correspond closely with those 
reported by Soldevilla et al. (2008) at 20, 28 and 36 kHz from Risso’s dolphins off California. 
 
Simply correlating the templates of sub-events with the model templates for each species 
gave a correct classification around 80% for any sub-event. The results of two different types 
of correlation are shown in Figures 26 to 31. Whilst there was no ability to distinguish 
between species using narrowband clicks (Figure 26), Figure 27 shows that if broadband 
clicks were used, in 85% of cases (220/260), Risso’s dolphin clicks would be correctly 
distinguished from white-beaked dolphin clicks. The sinusoidal templates showed a similar 
ability to distinguish between species using broadband clicks: Figure 28 shows correlations 
of all white-beaked dolphin sub-events with sinusoidal white-beaked dolphin and Risso’s 
dolphin templates, and Figure 29 shows correlations of average template across each event 
of all white-beaked dolphin sub-events with sinusoidal white-beaked dolphin and Risso’s 
dolphin templates. Figure 30 and 31 show similar results for Risso’s dolphin sub-events 
correlated with the overall templates. 
 
If the average correlation over a whole event was used (as it would be during any survey), 
then this resulted in around 90% of white-beaked dolphin events being correctly classified 
and 100% of Risso’s, although the Risso’s sample size was only six events.  
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Figure 26. Correlation of average templates from all Risso’s dolphin sub-events with the 
model template for Risso’s and the narrowband white-beaked template. There is no ability to 
distinguish between the species based on these templates showing that Risso’s clicks share 
similar properties with white-beaked dolphin narrowband clicks. 
 

 
 
Figure 27. Correlation of average templates from all Risso’s dolphin sub-events with the 
model template for Risso’s dolphin and the broadband white-beaked template. There is a 
good ability to distinguish between the broadband white-beaked dolphin clicks and Risso’s 
clicks. In 85% of cases (220/260), Risso’s clicks would be correctly distinguished from white-
beaked dolphin broadband clicks. 



 

24  

 

  
 
Figure 28. Correlations of all white-beaked dolphin sub-events with sinusoidal white-beaked 
dolphin and Risso’s dolphin templates. All sub-events below the diagonal line would be 
correctly classified - 81% or 666 out of 818 sub-events. 
 

 
 
Figure 29. Correlations of average template across each event of all white-beaked dolphin 
sub-events with sinusoidal white-beaked dolphin and Risso’s dolphin templates. All events 
below the diagonal line would be correctly classified - 90% or 55 out of 61 events. 
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Figure 30. Correlations of all Risso’s dolphin sub-events with sinusoidal white-beaked 
dolphin and Risso’s dolphin templates. All sub-events below the diagonal line would be 
correctly classified - 83% or 218 out of 260 sub-events. 
 

 
 
Figure 31. Correlations of average template across each event of all Risso’s dolphin sub-
events with sinusoidal white-beaked dolphin and Risso’s dolphin templates. All events below 
the diagonal line would be correctly classified - 100% or 6 out of 6 events. 
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4. DISCUSSION 

4.1  Acoustic characteristics of white-beaked and Risso’s dolphin clicks 

Highly variable clicks are detected from both white-beaked dolphins and Risso’s dolphins, 
with broadband clicks which show banding or harmonics, as well as clicks with no obvious 
banding being recorded. The intention of this study was not to describe detailed acoustic 
properties of individual clicks, which will vary depending on factors such as orientation of the 
animal and its distance away from the hydrophone. The focus was instead on the practical 
applications for passive acoustic monitoring and whether the acoustic characteristics of 
clicks received under typical survey conditions could be used for reliable classification of 
species.  
 
Our experience in the field suggests that white-beaked dolphin vocalisations are usually 
detected during an encounter. However, Risso’s dolphin vocalisations are less likely to be 
recorded. HWDT logged six visual sightings of Risso’s dolphins in 2011 and 2012; however, 
vocalisations were only recorded during one of these. Other studies have noted a strong diel 
pattern in acoustic output of Risso’s dolphins. For example, Soldevilla et al. (2010) found a 
significant difference between overall click activity (both slow clicks and buzzes) between 
night and day. Risso’s dolphins were more acoustically active during night time (when most 
foraging activity occurs) than during day time. Similar patterns in vocal activity have been 
observed in Risso’s dolphins around the Azores (K. Hartman pers. comm.).  
 
4.2 Scope for automated detection 

The harmonics present in the broadband clicks of white-beaked dolphins and Risso’s 
dolphins allow for the possibility of distinguishing between the two species using these 
characteristics, and this could lead to the development of an automated classifier. The 
results presented here are a preliminary investigation of the potential for classification. Whilst 
this method correctly classifies to species level 90% of the time or better, an improved level 
of discrimination would be desirable for survey purposes. While these results are promising 
for a preliminary study, the application of more sophisticated methods should be explored. 
Such methods take considerable development. However, this project has made an important 
contribution by highlighting acoustic characteristics that vary between species and by 
collating a large reference dataset of click samples from white-beaked dolphins around the 
UK and a smaller amount of data on Risso’s dolphins. These datasets will form a valuable 
resource for the development and testing of any automated classifiers for these species. 
Within Scottish waters, two other species which occur in the same areas as white-beaked 
and Risso’s dolphins are common dolphins and bottlenose dolphins. Soldevilla et al. (2008) 
examined large numbers of clicks from these species, and did not report any banding in the 
1-100 kHz bands, suggesting that the banding properties in Risso’s and white-beaked 
dolphin clicks may be a good way to distinguish them from common and bottlenose dolphins. 
 
4.3 Potential for identifying sub-populations based on acoustic characteristics 

Whilst there are some suggestions in our results of population structuring based on 
vocalisations within white-beaked dolphins, the results in this study do not provide definitive 
evidence. The small sample size of Risso’s dolphin acoustic encounters precluded 
examination of the potential for identifying sub-populations based on acoustic 
characteristics. In the case of white-beaked dolphins, the picture is complex. Further 
investigation would be useful, including ensuring that factors related to recording systems 
and animal behaviour are accounted for. However, the variability between animals and 
groups within any one area, based on behavioural or other factors, may be more important in 
influencing click spectral variability than are population units. 
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4.4 Information on densities and distributions of white-beaked and Risso’s dolphins 
in the Hebrides based on acoustic data 

Passive acoustic monitoring can be used to locate individuals and identify species, examine 
distribution and density patterns, and more recently it has been used to discover information 
on species population structure (Roch et al., 2011; Soldevilla et al., 2011). Whilst this project 
focused on classifying clicks, the locations of acoustic detections also provided useful 
information on species distribution. 
 
An estimated 80% of the European population of white-beaked dolphins are located in the 
waters off Scotland and north-east England (UKBAP, 2008). It is thought that white-beaked 
dolphins are present in UK waters year-round (Reid et al., 2003; Northridge et al., 1995). 
Whilst HWDT data do not cover the winter months, the EIA data used in this study from the 
east coast of the UK recorded white-beaked dolphins in UK waters every month of the year. 
 
Spatial investigation of the distribution of HWDT/Ketos Ecology white-beaked dolphin 
acoustic detections on the west coast of Scotland from 2007 indicated a preference for 
deeper coastal waters, with white-beaked dolphin detections typically occurring between 80 
m and 165 m water depth. Three areas of potential importance for white-beaked dolphins 
were evident: the North Minch, west of the Outer Hebrides and the southern region of the 
Outer Hebrides. HWDT surveys cover a large area of the west coast of Scotland, and only a 
few sightings have been recorded outside these three areas of potential importance. Harries 
et al. (2012) also used HWDT data to investigate white-beaked dolphin relative densities and 
distributions on the west coast of Scotland with respect to oceanographic and physiographic 
variables. Generalised Additive Models (GAMs) were used to relate visual sightings to a 
range of variables including depth, seabed slope, sediment type, distance from land, and 
sea surface temperature. Three potential "hotspots" of occurrence were identified as areas 
of apparent importance: an area to the south of the Outer Hebrides, the northern Minch and 
west of the Isle of Lewis. 
 
There were only six Risso’s dolphin acoustic encounters. Risso’s dolphin encounters on 
HWDT and DP Energy EIA surveys on the west coast of Scotland were close to the coast, in 
waters less than 200 m deep. Little is known about the distribution of Risso’s dolphin in UK 
waters or about population structure. It has been proposed that Risso’s dolphin are present 
in UK waters all year round. However, there are a greater number of sightings in shelf waters 
from May to October, and more sightings in offshore areas during the remainder of the year 
(Reid et al., 2003; Evans et al., 2003). A ‘resident’ population of Risso’s dolphins has been 
described in the waters north-east of the Outer Hebrides (Wharam & Simmonds, 2008; 
Pollock et al., 2000; Atkinson et al., 1998). Resights of individually identifiable Risso’s 
dolphins have been made 80 nautical miles apart and encounters have been made over a 
number of years with the same individuals (HWDT, unpublished data). This suggests that 
these ‘resident’ animals may have relatively large home ranges.   
 
4.5 Strategies for cost-effective passive acoustic monitoring schemes for these 

species in Scottish waters 

This project has shown that both white-beaked dolphins and Risso’s dolphins can be 
detected and identified to species level by the analysis of frequency banding which can be 
seen in some of their clicks. It is likely that white-sided dolphins also have banded clicks; a 
sister species, Pacific white-sided dolphins, also show distinctive frequency banding 
(Soldevilla et al., 2011). In the past, researchers have usually investigated the characteristics 
of whistles to distinguish between dolphin species. There are several advantages to being 
able to use click vocalisations in addition to, or instead of, whistles. Our experience in the 
field has been that these species do not always produce whistles, and that clicks are more 
often detected. Clicks are produced with a higher source level and, although absorption, 
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which is greater at higher frequencies, may have a stronger effect on them, they are often 
detected at greater ranges than whistles in the field. It is also likely to be the case that the 
acoustic characteristics of clicks are more consistent between different individuals and 
groups. Some acoustic characteristics of whistles are varied by individuals because whistles 
are used for communication and individual identification. Fundamentally, however, clicks are 
an additional cue available for species identification, not an alternative one. Most acoustic 
systems should be configured to be able to record and analyse both vocalisation types. This 
work supports the use of passive acoustics as a means of surveying these species, most 
likely in conjunction with visual effort. 
 
There are two main types of acoustic survey: mobile surveys that typically use towed 
hydrophone systems, and static surveys that use moored detectors or recorders to collect 
data at a set of point locations. These methods have contrasting advantages and 
shortcomings.  
 
Towed surveys, like most boat-based or aerial surveys, can be designed to provide good 
coverage of an area of interest, but the high cost of platforms usually means that a relatively 
small amount of survey effort is spread over a large area. Advantages of using towed 
acoustics alongside or instead of visual monitoring are that survey can continue in worse sea 
conditions, in poor visibility and at night. Smaller field teams can be employed because data 
collection is highly automated. PAM systems can be very effective on smaller, less 
expensive vessels than would be required to support a full visual team and can be very 
valuable in allowing a more complete use of platforms of opportunity (Embling, 2007). Towed 
acoustic detections can also provide an alternative detection ‘platform’ for visual surveys 
allowing the calculation of absolute abundance estimates (Leaper & Gordon, 2012).  
 
By contrast, static monitoring can provide continuous temporal coverage but of a very small 
area. Because static recorders should not affect the animal’s behaviour they should be a 
useful way of determining the incidence of important activities, such as foraging. Thus far, 
static monitoring has only provided population estimates in a few special cases where 
extensive auxiliary data were also available (Marques et al., 2009). Autonomous detectors, 
PODS (Chelonia Ltd), have been widely used in recent years for detecting porpoises. While 
these devices can detect dolphin clicks they have not been used successfully to distinguish 
between species, and they would not extract and store the information used for species ID in 
this study or data on whistles. Fortunately, static acoustic monitoring devices that can collect 
full bandwidth recordings rather than simply store detections are now becoming available 
and more affordable.  
 
It is evident that mobile and static acoustic surveys have complementary strengths and 
weaknesses and it will often make sense to use them together. For example, mobile surveys 
are needed to map spatial distributions and provide reliable density estimates; data from 
these could be used to identify areas of interest where static devices could be deployed to 
provide long term datasets to establish temporal patterns of usage and trends.  
 
There is currently a requirement to understand the distribution of white-beaked and Risso’s 
dolphins in Scottish waters and identify sites for Marine Protected Areas. This could be a 
substantial undertaking, but the findings of this report indicate that passive acoustic 
monitoring could make a useful contribution to making the task less onerous and more 
affordable. Towed hydrophone surveys would allow lower cost vessels (similar to Silurian) to 
carry out surveys. Platforms of opportunity providing coverage in areas of interest might also 
be identified. Once putative MPAs had been identified, static monitoring devices could be 
deployed to provide a larger dataset from these areas, though the difficulties of providing 
reliable moorings should not be under-estimated. Ideally, the two monitoring efforts would 
overlap in time and space allowing a degree of cross calibration. 
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4.6 Recommendations for useful technical developments and future fieldwork 

This project has been a proof of concept study and has highlighted areas where additional 
work would be useful if PAM is to achieve its full potential with these species. For this work, 
we have collected together field recordings from as many sources as possible. However, this 
collection is still quite limited, in part because it is only in recent years that it has been 
practical to make full bandwidth recordings. Collection of such recordings and the 
incorporation of new data into the current collection should be encouraged and supported. 
 
We have shown that not all of the clicks recorded during encounters had the banding pattern 
that is useful for species ID. These differing click types could result because dolphins are 
making varying click types at source or it could be that clicks are projected directionally and 
click characteristics, including banding, vary with the animal’s relative orientation. It would be 
interesting to understand which of these explanations is correct. This could be done by 
making more extensive field recordings in which the location of hydrophones, relative to the 
orientation of the animals being recorded, was noted. This might be of more than simply 
scientific interest if it provided insights into how best to collect and analyse data and allowed 
data on static recorders to be analysed to determine orientation.  
 
White-sided dolphins were not considered in this project but there are good reasons for 
believing that they should be amenable to a similar approach. Collection of recordings from 
this species should be encouraged and application of a similar analysis explored. 
 
The method used here for analysing acoustic parameters for species identification is a new 
one. It will be useful to encourage feedback and scrutiny from other researchers by 
presenting results at conferences and submitting a paper based on this report for peer 
reviewed publication. 
 
The analysis method used here is not yet automated or available within standard software 
such as PAMGUARD. If it is likely to be used widely, work to undertake the necessary 
coding within PAMGUARD should be funded and this will streamline future analysis. 
 
Our preliminary analysis, conducted prior to this project, suggested acoustic differences in 
click characteristics between the east and west coasts. This has not been shown 
conclusively by the work done here which had a larger dataset. However, given the 
important conservation implications, it would be sensible to revisit this question and 
investigate alternative classification strategies. 
 
This work provides strong underpinnings for acoustic tools that could be used to identify and 
support potential sites for Marine Protected Areas, and inform site-characterisation surveys 
for offshore developments such as marine renewables. We suggest that a useful strategy 
would be to combine a program of regular boat-based surveys using low cost platforms 
(supplemented if possible by platform of opportunity surveys) and leading to the deployment 
of full bandwidth recorders in areas identified as being of particular interest. A similar 
analysis approach, based on that used here, could be employed to both detect and classify 
white-beaked and Risso’s dolphins as well as harbour porpoises from their clicks. There 
would also be every possibility of being able to use a combination of click and whistle data to 
identify other dolphin species. 



 

30  

5. REFERENCES 

 
Atkinson,T., Gill, A. & Evans, P.G.H. 1998. A photo-identification study of Risso's dolphins in 
the Outer Hebrides, Northwest Scotland. European Research on Cetaceans 12, 102. 
 
Embling, C.B. 2007. Predictive models of cetacean distributions off the west coast of 
Scotland. PhD Thesis, University of St Andrews. 
 
Evans, P.G.H., Anderwald, P. & Baines, M.E. 2003. UK Cetaceans Status Review. Report to 
English Nature & Countryside Council for Wales. Oxford. 
 
Gillespie, D., Gordon, J. McHugh, R., McLaren, D. Mellinger, D., Redmond, P., Thode, A., 
Trinder, P. & Deng, Xiao Yan. 2008. PAMGUARD: Semiautomated, open source software 
for real-time acoustic detection and localisation of cetaceans. Proceedings of the Institute of 
Acoustics 30 (5). 
 
Hammond, P., Benke, H., Berggren, P., Borchers, D.L., Buckland, S.T., Collet, A., Heide-
Joergensen, M.P., Heimlich-Boran, S., Hiby, A.R., Leopold, M.F. & Øien, N. 1995. 
Distribution and abundance of the harbour porpoise and other small cetaceans in the North 
Sea and adjacent waters. LIFE 92- 2/UK/027. 240pp. 
 
Harries, O.R., Weir, C.R., Calderan, S.V., van Geel, N.C.F., Shrimpton, J. & Gordon, J.C.D. 
2012. The role of spatial modelling in the potential management of a priority Scottish 
cetacean species, the white-beaked dolphin (Lagenorhynchus albirostris). Presented at the 
European Cetacean Society Conference. March 2012, Galway, Republic of Ireland. 
 
Howson, C.M., Steel, L., Carruthers, M. & Gillham, K. 2012. Identification of Priority Marine 
Features in Scottish territorial waters. Scottish Natural Heritage Commissioned Report No. 
388. 
 
Leaper, R. & Gordon, J. 2012. Marine Mammal Acoustic and Visual Surveys - Analysis of 
Neart Na Gaoithe data. Appendix 13.5. Neart Na Gaoithe Environmental Statement. 
Mainstream Renewables. 
 
Marine Conservation Research International. 2012. Final report for a survey for harbour 
porpoises (Phocoena phocoena) of the Dogger Bank and southern North Sea conducted 
from R/V Song of the Whale (www.marineconservationresearch.co.uk ). 
 
Marques, T.A., Thomas, L., Ward, J., Dimarzio, N. &Tyack, P.L. 2009. Estimating cetacean 
population density using fixed passive acoustic sensors: An example with Blainville's beaked 
whales. Journal of the Acoustical Society of America, 125, 1982-1994. 
 
Northridge, S.P., Tasker, M.L., Webb, A. & Williams, J.M. 1995. Distribution and relative 
abundance of harbour porpoises (Phocoena phocoena L.), white-beaked dolphins 
(Lagenorhynchus albirostris Gray) and minke whales (Balaenoptera acutorostrata Lacepede) 
around the British Isles. ICES Journal of Marine Science 52, 55-66. 
 
Pollock, C.M., Mavor, R., Weir, C.R., Reid, A., White, R.W., Tasker, M.L., Webb, A. & Reid, 
J.B. 2000. The distribution of seabirds and marine mammals in the Atlantic Frontier, north 
and west of Scotland. Joint Nature Conservation Committee, Aberdeen, Scotland. 
 
Rasmussen, M.H. & Miller, L.A. 2002. Whistles and clicks from white-beaked dolphins, 
Lagenorhynchus albirostris, recorded in Faxaflói Bay, Iceland. Aquatic Mammals, 28, 78-89. 
 



 

31  

Reid, J.B., Evans, P.G.H. & Northridge, S.P. 2003. Atlas of cetacean distribution in north-
west European waters. Joint Nature Conservation Committee. Peterborough, UK. 
 
Roch, M.A., Klinck, H., Baumann-Pickering, S., Mellinger, D.K., Qui, S., Soldevilla, M.S. & 
Hildebrand, J.A. 2011. Classification of echolocation clicks from odontocetes in the Southern 
California Bight. Journal of the Acoustical Society of America, 129, 467-475. 
 
SCANS-II. 2008. Small Cetaceans in the European Atlantic and North Sea. Final Report to 
the European Commission under project LIFE04NAT/GB/000245, p. 55. Sea Mammal 
Research Unit, Gatty Marine Laboratory, University of St Andrews, Fife, KY16 8LB, UK. 
Available from http://biology.st-andrews.ac.uk/scans2, St Andrews. 
 
Smartwind. 2012. Hornsea Offshore Wind Farm Project One Preliminary Environmental 
Information Report. Volume 2 – Offshore. www.smartwind.co.uk. 
 
Soldevilla, M.S., Henderson, E.E., Campbell, G.S., Wiggins, S.M. & Hildebrand, J.A. 2008. 
Classification of Risso’s and Pacific white-sided dolphins using spectral properties of 
echolocation clicks. Journal of the Acoustical Society of America, 124, 609-624. 
 
Soldevilla, M.S., Wiggins, S.M. & Hildebrand, J.A.. 2010. Spatial and temporal patterns of 
Risso’s dolphin echolocation in the Southern California Bight. Journal of the Acoustical 
Society of America,127, 124-132. 
 
Soldevilla, M.S., Wiggins, S.M., Hildebrand, J.A., Oleson, E.M. & Ferguson, M.C. 2011. 
Risso's and Pacific white-sided dolphin habitat modeling from passive acoustic monitoring. 
Marine Ecology-Progress Series, 423, 247-260. 
 
UKBAP. 2008. Evidence for the selection of priority species. http://jncc.defra.gov.uk/page-
5161 
 
Wahlberg, M., Jensen, F.H., Soto, N.A., Beedholm, K., Bejder, L., Oliveira, C., Rasmussen, 
M., Simon, M., Villadsgaard, A. & Madsen, P.T. 2011. Source parameters of echolocation 
clicks from wild bottlenose dolphins (Tursiops aduncus and Tursiops truncatus). The Journal 
of the Acoustical Society of America, 130, 2263. 
 
Weir, C.R., MacLeod, C.D. & Calderan, S.V. 2009. Fine-scale habitat selection by white-
beaked and common dolphins in the Minch (Scotland, UK): evidence for interspecific 
competition or coexistence? Journal of the Marine Biological Association of the United 
Kingdom, 89, 951-960. 
 
Wharam, J. & Simmonds, M. 2008. Risso’s Dolphin Conservation Plan for waters west of the 
UK. WDCS Science Team Report. Available at  
http://www.wdcs.org/submissions_bin/Rissos_Conservation_Plan.pdf 
 



www.snh.gov.uk
© Scottish Natural Heritage 2013 
ISBN: 978-1-78391-012-0

Policy and Advice Directorate, Great Glen House,
Leachkin Road, Inverness IV3 8NW
T: 01463 725000

You can download a copy of this publication from the SNH website.


	Scottish Natural Heritage Commissioned Report No. 624
	Summary
	Table of Contents
	Acknowledgements
	1. INTRODUCTION
	2. METHODS
	2.1 White-beaked dolphins
	2.2 Risso’s dolphins

	3. RESULTS
	3.1 White-beaked dolphins
	3.2 Risso’s dolphins
	3.3 Distinguishing between Risso’s and white-beaked dolphin clicks

	4. DISCUSSION
	4.1 Acoustic characteristics of white-beaked and Risso’s dolphin clicks
	4.2 Scope for automated detection
	4.3 Potential for identifying sub-populations based on acoustic characteristics
	4.4 Information on densities and distributions of white-beaked and Risso’s dolphinsin the Hebrides based on acoustic data
	4.5 Strategies for cost-effective passive acoustic monitoring schemes for thesespecies in Scottish waters
	4.6 Recommendations for useful technical developments and future fieldwork

	5. REFERENCES


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AkzidenzGroteskBE-Bold
    /AkzidenzGroteskBE-Md
    /AkzidenzGroteskBE-Regular
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




