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1 Executive Summary

HarbourporpoisegPhocoena phocoehare oneof Elmpe s most common cetaceal

protected under European lawhe current expansion of the tidal energy industry has highlighted
concerns about anthropogenic activity in tidal habitats, particularly whether deployed turbines may
pose a collisiomisk to animals.Howeverthe ecological significance of tidal habitats for harbour
porpoise is poorly understood and little data exists to inform on the potential risk that tidal turbines
may pose. One key metric that needs to be measured to inforns oiskhs the depth distribution of
animals for examplejf harbour porpoises spend the majoritythedir time at the surface in tidal

habitats then collision risk with deeper turbines will be very low. This report details the results of a
three year prject to develop, test and survey witkystem capable of accurately determining the
position of harbour porpoises underwater.

Determiningthe dive depths of animals idifficult. Tags are a possibility dwever there are no

tagging programmesin the UKand the likelihood any one tagged animal would spend a significant
time in tidal areas may be smathssive acoustic monitorifg AM) is a methodology which can

detect the presence, classify the species and localise the position of animals, by tisti@ing
vocalisations. Harbour porpoisse high frequency echolocation clicks almost continually for
orientation, prey detectignavigation and social interactigmaaking them ideal candidates for

studies using PAMHowever,in order to achieve thaccurate underwater tracking required to
determine a depth distributipa large dispersed array of multiple underwater receivers (hydrophones)
is required.

Deploying such an array in a tidal habitat is difficitfixed structures would be inordinately

expensive to deploy in areas with up to 8.5 knots of current and therefore a drifting hydrophone array
was developed. The array consisted ofl2thydrophonesieployed between-85m underwater

from a small researckessel. The practical considerasdar such a system are numerous; the array
must be quickly recoverable and deployable, any movement underwater must be measured precisely
and the delicate electronics used maesufficiently rugged to remain operatirin the particularly

harsh environmental conditions present in tidal rips.

In addition to these considerations there are generakigstiePAM. Porpise have narrow beam
profiles anchence are easy to miss if facing away from the hydrophone Alose and multiple
animals clicking at the same time aBobe problematic.Many of these issues were overcome by
utilising new localisation and tracking methods developed during the phojeetver difficulties
remain in the fact that usually only fragmis of tracks, rather than entire dive profiles, are detected.
For the purposes of determining a depth distribution this information is adeoatever, itmakes
studies orthefine scalebehaviour of animals more challenging.

Six tidal sites were sueyed over three years. Over 8514GB &3 hours of dateverecollected

resulting in 5210 tracks of animals. These were used to create depth distributions for each dive site.
Two sites, Corryvreckan/the Great Race and Kyle Rhea contained by far the highbst of

detected porpoise vocalisations per hour. Both sites are comparatively despmrisedad

remarkably similar depth distributions during the day with animals spending 75% of timeupptre
38-40m of the water column. Kyle Rhea was the aitly surveyed at night and showed a shift in the
depth distribution, with animals spendingre time in shallow waters.

Thedata summarised here provide the first substantial general dataset on porpoise depth distributions
and underwater behaviour indidapids. Given that virtually no data existed before, the data

presented here can be used to improve collision risk estimates. However, the variation between sites
evident in this dataset emphasises the importance of collecting data on a site dgisite b

The continual development of hardware, open source accessible software and PAM localisation
methods during this project mean that a methodology now exists to determine depth distributions of
harbour porpoises in tidal sitesowever this onlyforms a subset of the data required to inform on
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the ecologial significance of such an area. Further work needs to focus on combining fine scale

tracking of animals with visual/acoustic surveys and long term data recorders.

2 Abbreviations and definitions

POL The probability that an array will localise an animal at different depth:

3 I n t he «cont e3stameaburetothovswelt tiee @xpected ti
delays for an animal at a certain position correspond to the actual
observed time delays. Itikerefore an indication of how realistic a
localisation result is.

Cluster Array The small array placed at the back of the research vessel containing
closely spaced hydrophones.

CTD profile Conductivity, temperature and depth profile. A series of measuremer
salinity, temperature and depth of a water column.

Georeferenced A point with a latitude, longitude and depth, rather than a point relati

an hydrophone array, e.g.¥,2 m from array.

Large Aperture Array

A hydrophone array in which the maximum spacing between hydrop!
is on the order of 1/10 of the intended localisation range.

NBHF Narrowband high frequency.
PAM Passive acoustic monitoring.
POL Probability oflocalisation.
TOADs Time of arrival differences.

Track fragments

A section of an ani mal 6s di ve 1

entire dives of animals were rarely recorded.

Vertical Array

The large aperture section of the array consistingwdighted rope with
6-8 hydrophones attached.
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3 Introduction

In recent years the rapid expansion of marine renewables in Scotland has highlighted concerns about
anthropogenic activity in marine habitats, especially in areas which have so far been &xptiked

or no major industrial activity. Tidal habitate particular are often remote areas which generate

large amounts of untapped energy, but comparativelyibthk@ownabout their ecological

significance, especially in relation to marine marteangxtracting energy from these sites requires the
deployment of one or more underwater tidal energy devices. These often take the form of an
underwater turbine with tidal flow rotating two or more blades. The tip speeds of such blades can
reach up to 12m1 which poses a potential risk of injury to fish, birds and marine mammals (Wilson,
2007).The focus of this reporsion the most common UK marineammal, the harbour porpoise;

how they use tidal habitats and how their underwater behaviour may affestbicaisk.

At many temperate European and Ndkthericantidal sites harbour porpoisase the most

commonly encountered marine mammal species (Hammioald 1995). To predict their potential

risk of collision with tidal turbines and determine tltelegical importance of tidal habitats requires
knowledge of the absolute density and distribution of harbour porpoises along with an understanding
of their diving behaviour and underwater movements. An understanding of the fine scale movements
of animalscan be used to determine the likelihood that any one animal willeterca turbine during

a dive. @mbined with density estimates this can then be scaled to determine how many porpoises
might encounter a turbine blade over a period of timeadditian to collision risk, density estimates

and fine scale underwater movements, along with an understanding of acoustic bebaniptovide
important information on how animals utilise tidal areas, in particular whether these are important
foraging sites.

Harbour porpoises are small, shy and often difficult to detect visually in all but the calmest of sea

states. This makes any visual study of animals particularly difficult in tidal afesae fast moving

currents can produce significantly higher sea states than in surrounding areas. However, harbour

porpoise are highly vocal animdtsatuseuniquelyidentifiable high frequency bio sonar, six times

above human hearing range, to sense swnourdings and hunt for prey (Verfust al, 2009). The

high frequency narrow bandwidth 6clicksd of porry
data acquisition systems. The advantages of this methodology, referred to as passive acoustic

mornitoring (PAM), are numerous and well documentasivever, for tidal areas the main advantage

of PAM systems is that they are relatively unaffected by sea state, can detect animals underwater, not

just at the surface and can be used just as effectivalglat

Traditional line transect surveys are therefgmeatly enhanced by utilisingassive acoustic

monitoring systems, typically a stereo towed hydrophone array. Combing visual and PAM allows for
more accurate density estimation and such techniquedkawvesuccessfully used in Welsh tidal

areas; one such site registered one of the highest harbour porpoise densities recorde@t@grdon
2011). There are still issues in tidal rapids with towed arrays being pushed off survey tracks by
currents and mordevelopment is needed to create more specialised systems for tidal habitats. Many
of these issues and further development trajectareesletailed ifMacaulayet al, (2015) However,

the present report focuses on the fine scale movements of harbooispsnnderwater, something
which neither visual nor traditional towed hydrophone arrays can measure.

Determining porpoise dive depth and underwater behaviour in tidal rapid sites is challenging.
Telemetry using tagging is difficult with this species &ad so far only been successful at locations
(such as the Bay of Fundy and the Baltic) where fixed fishing traps result in the entrapment of wild
porpoises. At some of these sites telemetry packages are applied to porpoises as part of a release
program ad several groups have had success with both satellite telemetry and archival devices
(Westgateet al, 1995;Linnenchmidt et al,, 2013). There are no fisheries that catch live porpoises
close to most areas with strong tidal currents. In addlitidal rapids are such a small proportion of

the total available habitat for harbour porpoises that it is very unlikely that any particular tagged
individual would spend a significant proportion of timesurchareas of interest. For these reasons it
was importahto devise a systethatcould detect and track animals within a specified area. PAM
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provides the ideal basis to track animals in a specific hrg&raditional towed systems or static data
loggers cannot provide the kind of fine scale informationirequo calculate animal tracks.

Widely spaced or large aperture hydrophone arrays have been used for decades to track the
movements of cetaceans underwdiatkins & Schevill, 1972Wahlberget al., 2001 Uraet al,

2006 Miller & Dawson, 2009). By angsing the time of arrival differences between a vocalisation
detected on multiple distributed hydrophones, it is possible to determine the position of the vocalising
animal. Some attempts have been made to use such systems to determine locationsrof harbou
porpoises, primarily to determine the range to animals for source level measurements (Villagtisgaard
al., 2007 Kyhn et al, 2013), however, most have only been able to track animals to a few tens of
metres. To determine animal locatiotsthe order ob few hundreds ahetres, a much larger array

and number of hydrophones is needed. In additimst of the above studies have required manually
marking or validating vocalisations to determine the time of arrival differencecks dn different
hydrophones anahithisstudyover 234 hours of data recorded on 6 to 12 hydrophones were collected.
Manually marking out porpoise vocalisatiomsrii such a data set would take @aeson just under 3
working yearssoautomatic detection, classificationdalocalisation algorithmaeredeveloped to

analyse the 8514GB of data collected.

In this reporthe datgpresened werecollected over three years at six different tidal sites using a

drifting wide aperture hydrophone array. Details on how a large hydrophone array can be practically
deployed in tidal rapids are discussed along with how to analyse the vast quantitiestid deata

collected on such a system. Over 850,000 porpoise vocalisations were detected, resulting in 94106
localisation measurements and 5210 3D geo referenced animal tracksw&tessed to produce

porpoise dive depth distributions at the six differtihal sites, providing the first information on
underwater behaviour in tidal rapids which could be used to inform collision risk models for turbines
in such areas. More importantly, the methodology can be applied in the future to collect relevant data
at specific development sites.

4  Methods and field work

4.1 Hydrophone array design

Strong and unpredictable currents, rough sea states and rapid changes in bathymetry make deploying
any hydrophone array in a tidal habitat a particularly challenging problendeal hydrophone

array, capable of determining the precise positions of animals, would consist of fiiueast
hydrophones, distributed evenly in three dimensions on a fixed structure with the exact position of
each hydrophone known precisely. The gmpbetween the hydrophones must be large enough to
provide an accurate localisation, a rule of thumb suggesting around 1/10th of the regngedor
accurate positionfaut also spaced sufficiently close so that individual vocalisations are coherently
picked up on multiple element Harbour porpoises (Kobligt al, 2012) and dolphins (Finnerai

al., 2014) have highly directional vocalisations hence a large number of hydrophone elements is
desirable to increase the probability that an animalemiionify sufficient hydrophones for

localisation to be achieved.

In a tidal area, any hydrophone array with a large number of widely spaced elemesudisesenly in
three dimensiongould require either a large fixed structure on thebsehor a complexgid frame
deployed from a vessel. Fixing any large structure on thbestavith water speeds exceeding 8 knots
requires a large investment in boat time and technplgy poses significant technical problems in
getting data to shore and in addressirdenflow noise. A rigid drifting system is equally difficult, as
any structure will be on the order of tensvdtres and has to be capable of being both rapidly
deployed and recovered. A large vessel would thus be required which is both expensivalgnd usu
impractical for narrow tidal races.

A hydrophone array deployed in tidal rapids must therefore be a compromise between practicality and
an optimal design for accurately tracking animals. One solution is a flexible heavily weighted vertical
array of lydrophones deployed from a drifting vessel. Such an array consisténelastic rope with
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multiple hydrophones attached and a substantial weight to hold it steady in the water column. It can

be deployed and recovered quickly by using a winch, allowshiftang vessel to safely traverse tidal

rapids. However, the flexible nature of the array also poses several problems. Even a large weight
does not prevent the array from moving underwater due to strong differential currents, wind against
tide or the borocking in waves, producing a penduklike effect on the rope (Macaulay, 2010).

Any such movement poses two substantial problems. The first is that the positions of the hydrophone
elements are not known preciselny error in the positions of hydrophone elements propagates into
substantial error in the localised positions of animalse second is slightly more abstraétlinear

vertical hydrophone array can only provide the depth and range of a sound sotlnisec@se the

porpoise). This can be visualised as an animal being located anywhere on a circle centred on and
perpadicular to the arrayThe radius of the circle is the range to the animal and the depth of the

circleis the depth of the animal. If tre@ray begins to move off a vertical angle then the circle also

moves and changes angle, with one end moving downwards and the other moving uptiards.
introduces a large ambiguity in degttatis impossible to resolve and thus any vertical array must

remain almost completely vertical to provide useful information on animal diving behaviour; even a

2° change in angle results & depth error of 5m at 100 flexible array in strong currents is

usually subject to substantial movement and hence aalaatiay on its own cannot provide accurate

i nformation on ani mal diving behaviour, even i f
i ssues can be resolved with the addition of a o0c
and dept and orientation sensors to measure the angle and orientation of the vertical array. The
closely spaced cluster, based dmnateedral array system used Ysgck et al., (2013) andDattaet al,

(2010)can provide a 3D bearing to the animal and orienta@mnsors allow for the movement of the
vertical array to be precisely modelled, enabling correction of the depth estimate error. Intuitively the
cluster can be visualised as producing a 3D bearing to an animal which intersects the circle of possible
locations produced by the vertical array, allowing the full 3D location of an animal to be determined.
Hence if a vertical array begins to sit at an angle, it is known at what point on the circle the animal is
located, removing any fundamental ambiguity in deiti range. This is not to say that the locations

are error free but instead that the cluster overcomes theoretical limitations of lineatteatares not

precisely vertical in the water column.

4.2 Hardware

4.2.1 Hydrophone Array

Taking into consideration thgractical and theoretical considerations discussed above, a hydrophone
array was designed consisting of vertical array wighiydrophones that could be deployed in

several different configurations depending on water depth together with a cluster mfdoyphones,
each separated by 50cm, deployed rigidly at the back of the vessel. All hydrophones were Magrec
HPO3 with a sensitivity of 201 dB re 1V/uPa @150kHz. The exact spacing between hydrophones
varied slightly over the three survey years due goorg developments; however, the overall design
remained the same. A deep water extension to allow for deeper diving animals to be more readily
detected was used in 2014, adding two more hydrophones and increasing the overall length of the
array to ~45m.

A chain weighing 80kg was used to weight the vertical array (Figure 1). This was lowered and
recovered using a winch and dedicated lifting rope, allowing hydrophones to be lifted out of the water
by hand and preventing any damage to the sensitive hydreghements.

In order to obtain geceferenced acoustic localisation, the exact position and 3D orientation of the

vessel and the vertical array has to be known accurately.-2BBinclinometer was used to

measure pitch and role and a Hemisphere vsI8 @Geployed to measure the precise heading,

latitude and longitude of the vessel. Inertial measurement units were attached to the vertical array in

order to measure movement and orientation. In 2012, this consisted of a mobile phone attached above
thesesur f ace however, in 2013/ 14 between 2 and 5 1L
and temperature sensors were attached to the vertical array at different depths. These recorded data
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from 3 axis magnetometers, accelerometers and gyroscopes evesgdébds and
temperature/pressure every second.

Porpoise vocalisations are narrow band and high frequency and therefore require specialised signal
conditioning and data acquisition systems to record acoustic data. In 2012 and 2013 signals were
conditionedand amplified using a 4 channel custom ETEC and 2 channel HP27 amplifiers. In
addition to providing gain these also applied a 20kHz high pass filter. Signals were digitised using
synchronised NI 6356 and 6352 DAQ cards. In 2014 data were conditionedieathagpld digitised

using three synchronised SAIL DAQ cards. In all surveys PAMGUARD (Gillextpig, 2008) was

used as the primary recording software and acoustic data from each hydrophone were sampled at
500kS/s.

‘ ] 3m
—
0.5m

* Orientation/Depth Sensor
® Hydrophone

- Alternative attachment point

4am

Deep water
extension

11m

80kg Weight

Figure 1. Diagram of thénydrophone array used roughly to scale. The array consisted of a vertical component
and a small rigid cluster deployed at the back of the research vessel. A deep water extension was added in 2014
to help detect animals at greater depths.
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4.2.2 Pinger yystem

To test the accuracy of each type of array a ssondce capable of broadcastsigulated porpoise

click signals was constructed. A custom MATLAB script was used to produce a single channel .wav
file containinga burst of 25 porpoise click This was output through an NI 6252 DAQ card using
PAMGUARD. The signal was amplified by a Sony XPLOD amp and then output thrddgptane

Sonar HS150Gydrophoneused as transducem a 30m cable. The system could be operated from a
small inflatableboat thatcould then drift at different ranges from the array while the deployment depth

of the transducer was adjusted. An Al addin dive
were used to record the depth of the output hydrophone and a GPS usmmtddhre position of the
vessel carrying the &6pinger6 system

4.3 Research Vessels

The research vessel used during the 2012 field season wRskihday a 12metrefiberglass motor
catamaran shown iRigure2. This vessel was chosen because she providedfal dry working
space for electronic equipment, a crane capable of deploying the large weight needed for the
hydrophone arrgyand suitable maximum speed to travel quickly between different tidal sites.

Figure 2. The Ruby May, used in the 2012 field season.

During the 2013 and 2014 field seasonsSherian,a motor sailing vessel, was us@egure 3) This
vessel is much slower than tReiby May however,it has room for researchers to live aboard (and to
work at night), space for electronics and suitable attachment points for both the vertical and cluster
array.
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Figure 3. TheSilurain, used in the 2013 and 2014 field seasons.

4.4  Acoustic analysis

4.4.1 Detecting porpoise ticks

Over 8.5 terabytegquating to ove234 hoursof acoustic data were collected over the three seasons
and 41 days at sea. Although there were a few isolated issues with equipment failure the vast majority
of data consists of high quality calibrated recordings without significant engihectiaal noise.

250
225
200

175

Frequency (kHz)
o N 2 N @
o )] o 9] o

N
4]

— |

50 100 150 200 250 ) 300 - 350
LTSA bin
Figure 4. Long term spectralaverage over 4 hoyri the Sound of Islay. The first 1.5 hours contains
significant sediment noise which extends to the porpoise frequency band, masking the detacion of
animals present. This is the worst example of tidal noise experienced over the six study sites.

400
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4.4.1.1 Noise

Noiseaffecs thedetection efficiency ofray PAM systemand ithas been observed that sediment
movementnd rough sea states can prodsigaificant highfrequency noise in tidal areéSordonet

al., 2011) Therecordings show that most noise in the areas studied was well below the porpoise
frequency However,in some areas, most notably the Sound of Islay, isolated areas produced high
frequency noiseeverely compromising the detection of porpoise clickshown irFigure4.

Other sources dfigh frequency noiseiereanthropogenic. Tourist boats, yachts, fish farm vessels and
fishing boats all pass through tidal areas, producing varying degrees oiivthisgorpoise frequency
bandfrom both engine¢specifically propeller cavitatiorgnd echo sounders. Powerful lonérd

engines are particularly noisy at high frequencies making porpoise detection unlikely if any vessel is
passing nearby

Porpoises produce narrow band high frequency clicks centred at around 130kHz (Villadsghard
2007). A typical click wavefornand its spectrum are shown in Figure 5.

3 Cliek

Amplitude
Frequency

fww e

ch 6
ul T T T L= T o
P 250 50 100 150 200 250 . 50.0 100.0 150.0 200.0 250.0

Tlme Frequency Time

Figure 5. A typical porpoise clicka) waveform,(b) spectrum andc) Wigner plot. Porpoise produce short
click-like vocalisations and do not whistle. Clicks are high frequency, centred around 130 kHz and are very
narrow band compared to most toothed whales.

Due to the volume of data collected and the high vocalisation rates of harbour porpoises the use of an
autonatic click detector was essentidh this instance the PAMGUARD click detector was run
separately for each channel of data. This begins by looking specifically at the porpoise frequency
band, between 100kHz and 150kHz, then compares two averaging fitterashich responds slowly

to changes in sound intensity and the other which responds much more quickly. If the difference
between the two filters is greater ththe defined threshold a click like sound is deteciada small

snippet of the raw waveforsaved.

A classifier which measured and compared click parameters such as duration, peak frequency and
frequency distribution was then used to determine whether each detected click likely belonged to a
porpoise. The clicks classified as belonging to e were used to localise the positions of
animals.(Gillespieet al, 2008)

4.4.2 Click detection
4.4.2.1 Localising porpoises on large aperturerays.

Thetheoreticaprocess of localising an animal is relatively simple. A porpoise click is detected on
multiple hydrophones, the time delays between the diaksval at different hydrophone is measured
andfrom thisa position can be determined, either by direct calculation or using an iterative search
algorithm (Wahlberget al,, 2002, Thode,2005). However, ina real environmerthere are several
problems which must be considered such as the beam profile of a
acoustic behaviour and movement patterns, all which can impact the likelihood of click detection and
acoustic localisatian

Perhaps the most significant issue with large aperture arrays is the fact that porpoises and all other
echalocating cetaceans produce highly directional clicks (Au, 1993), rather than a spherically
propagating pulse of sound. The bio sonar of a hanbangoise can be imagined as flashlight, with a
porpoise only ensonifying an array when facing a particular subset of directions at different ranges.
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Figure 6 shows the simulated beam profile of a harbour porpoise emitting 190dB clicks calculated
using daa collected from captive porpoises (Kobktzal, 2012)and several assumptions from studies
of dolphin beam profiles (Finnerat al, 2014). Behind the porpoisgmost no acoustic energy is
presentwith a likely detection range of a few tens of mrestat most. However, in front of the
porpoise, directly on axis, a click could conceivably be detected around 500m from the animal. In
addition tag data have shown that porpoises occasionally stop vocalising underwater, making
detection using any kind ®AM system impossikl during these periods (Linnehsidt et al, 2013).
This was certainly a rare but present factor in all three field seasbeis animals would

occasionally be visually sighted very near and heading towards the research vesaekwitho
corresponding vocalisation detected.

Hence when using large aperture hydrophone arrays it is rare that the entire dive of an animal is ever
recorded. Instead track fragments are measured, the sections of a dive during which a porpoise has
ensonifie a minimum number of hydrophones on the atoagllow for localisation. To an extent

these fragments can be joined up, however, in many instances large propottiedivas are

missing.

4.4.2.2 Narrowband high frequency (NBHF) licks

Porpoise clicks are relatively long, narrowband pulses centred around 13@khtzugh this makes
clicks relatively easy to identify it can be problematic when determining time délagsstandard
technique for determining the time delay between twoaigis to use a cross correlation algorithm.
This involves sliding one signal past the other and determining a cross correlation value by
multiplying both signals togetheFor a broadband sound this will produce an obvious peak for the
time delay at with signals overlapFor a narrowband porpoise click however, large cross correlation
values can occur for delays of onenmore wave lengths resulting imany peaks in the cross

correlation function as shown in Figufe This is further complicated byé porpoise beam profile
which, as well as altering the amplitude of clicks, algmificantly distorts the amplitude envelope
depending on the angle between the porpoise and the receivee{@hbt201Q. As such it is easy

for the highest peak inéhcross correlation function to represent the wrong time delay value.
Polynomial interpolation is used by PAMGUARI® try and compensafer this. However,it does

not help with offaxis clicks. For the purposestbiarray, average time delay error wastimated to

be one cycle out, equivalent to an error in hydrophone position of ~1cm. Although not significant for
the widely spaced elements in the vertical aritagan alter the angle estimation from the cross array
by ~2.
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Figure 6. The beanprofile of a harbour porpoise with an axdource level of 190dB re 1uPghe porpoise is
orientated facing the top of the graph. In Figure 6a the received level of a click on a hydrophone at any given
location around the porpoise is mapped. Figure 6lbisary representation of Figure 6; it asssrae

hydrophone array with a noise floor of 110dB and indicates in white the area in which the porpoise click would
be detected.
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Figure 7. Cross correlation function fdretween twgorpoise clickgletected irKyle Rhea The result of the

cross correlation function should contain one definite pititiple similar peaks€anmake determining

accurate time delays difficulRicking the wrong cross peak in this instance would result in a bearing estimation
errorof 17.8
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4.4.2.3 Soundspeed profiles

The speed that sound travels through water is an important parameter in localisation. Standard
localisation algorithms assume that sound travels in a straight line and at a constant speed from the
position of a source, in thicase a harbour porpoise, to each hydrophone in an aoagvelr,

changing temperature and salinity with depth can cause significant distortions in sound speed and
hence bending of acoustic rays as they travel towards a receiver; such distortionpriopagate to

large errors in the localised positions of aninf&lsode, 2005Ameer & Lillykutty, 2010).

Two approaches can be used to compensate for this. More sophisticated localisation algorithms can
use measured temperature, salinity and depth data (CTD profiles) in a study area to compensate for
bending of acoustic arrays. Howeytis can be computationally intensive and requires accurate
instruments and extra research time to collect the relelzdat If the variation in sound speed is not

too greata more crude approach is simply to propagate uncertainty in sound speed through
localisation algorithms which assume straight line travel.

As tidal waters are likely to be well mixed it was expddhat sound speed would be relatively
uniform. However,studies in notlidal areas have shown that ray bending in habitats used by harbour
porpoises can basignificantproblem as shownn Danish waters bfpeRuiter,(2000)and Figure 8

BELLHOP- Default run parameters. f=130Hz

| |
50 100 150 200 250
Range (m)

Figure 8. Ray trace diagram of a simulated porpoise cfi¢k30kHzusing CTDD data collected in Kerteminde,
Denmark. The blue lines show sections of the beam are focused alwaveguide effect introducdxy minima
in the sound speed profile. Localising suchiekalvould introduce large errors in animal locations

Therefore archived CTD profiles from BOOBODC, 2014)were used along with ACTUP software
(Duncan, 2014)o get an idea of the potential error in sound speed for all tidal study sites. As
expectedall showed that no significant temperature and salinity gradients existed which would affect
120-150 kHz signals; an example is shown in Figir€hus a liberal estimated error of 20hsgas

added to the sound speed for all locations and standard stiaggludalisation algorithms were

utilised.

4.4.2.4 Match uncertainty

For small aperture arrays, the time delay between detections of a vocalisation on different
hydrophones is often less than the vocalisation rate of the animal and the delay before arsecho. It i
therefore relatively easy to match vocalisations on diffdrgdtophonesthey are simply those

closest in time. Hwever this assumption does not hold for larger aperture arrays. For example a
harbour porpoise has a click rate sometimes exceedindgi6ke per secon@erfulzet al, 2009) A

single click on one hydrophone could therefore have gpxtpossible corresponding clicks on a
hydrophone 15m away with echoes and the other vocalising animals adding to this number. For a
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species with indistingshable individual vocalisations, such as a harbour porpoise, it becomes almost
impossible to match detections on different hydrophones, a problemderatich uncertaintyA
simplified example of this is shown in Figuté.

Depth (m)

RN $ S FEHTAR IS
0 50 100 150 200 250
Range (m)

Figure 9. Ray trace diagram of a simulated porpoise @ 130kHz click using CTD data from the BODC archive in
the Great Race (56.15817, 5.78467). In this instance no or very little distortion of acoustic rays takes place.
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Figure 10. Example of match uncertainti detected click on channel 1 (in this example coloured green) should
also be detected on channels 0, 2 and 3. As the position of the animal is unknown, to find the same click on
another channel it is necessary to ldskconds before and after the prignalick wheret is a time related to the
distance between hydrophones. In this time window there maybe several clicks detected due to a variety of
factors including echoes, high click rates or other vocalising animals. As porpoise clicks from different
individuals and echoes are essentially indistinguishable, finding the correct combination of clicks is difficult.

One solution is to localise every possible combination, shown here by red dashed lines. Incorrect combinations
will either be localised to upalsitic locations, e.g. above the sea surface, or poorly fit the localisation algorithm
used, resulting in a higk? value.
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Figure 11. Hydrophone movement over a 5 minute period after deployment and in a strong tidal current in Kyle
Rhea.The vertical component moves significantly in the current, necessitating the use of accurate orientation
sensors to record the position of the vertical array underwater.

One solutbn to match uncertainty involvddcalising all possible combinations oftéctions. For a
vocalisation detected on a specified hydrophone all other possible detections on other hydrophones are
determined. This is achieved by detecting all clicks withima window on each hydrophonéé

size of the time window being propimal to the distance between hydrophdnEsery possible
combination of detections is then mapped and a source position for each calculated. Many of the
calculated positions for incorrect combinations will be unrealistic, located above thefaea etat

an improbable rangd hese are discarded and out of the remaining results the combination with the
loweste®value pest fit to the localisation algorithris selected.This method requires positionto be
calculatedor every combination of time d®ys The number of combinations, especially for a 10
channels system can quickly reach the order of thousandbsfest localisation algorithms are
required. In this caseomputationally efficient hyperbolic and simplex algorithms were used to find
the solutions with lowest?value. Those likely solutions were then localised with a far more
computationbly intensive Markov chain Mont€arlo simulation (MCMC)in order to accurately
estimate location errofsilks, 2005)

Using this method it is posdéto localise multiple animals at the same time, discard echoes and deal
with rapid vocalisation rates.
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4.4.3 Determining array movement

Knowing the positions of hydrophonegthin an array accurateig essentiafor accurate localisations
and a particularlghallenging problem for a dynamically moving array. The position of the rigid
clusterarray is relatively easy to measure by combining heading data from the vector GPS, and
pitch/roll measurements from the-2530 inclinometer. Th@ositions of hydrophonem the vertical
array weredetermined by interpolating betes orientations measured by several Aagnsensors.
Each OpenTag sensor measures its heading, pitch and roll every 0.01 seconds. As the position of
OpenTags on the vertical array is known, thiergation of the vertical array can be determined by
assuming a constant rate of changes in angle between the digemiagdocations.

Results show the vertical array moves significantly in the cyrespecially soon after deployment
when the armais both settling into position and in the strongest section of the tidarripxample of
which is shown in Figure 1However,for much the deployment periods theagrremained relatively
steady.

4.4.4 Tracking algorithm

A localised click results in a 3Bata point: latitude, longitude and depth. Errors in localisation can be
introduced at any stage in the localisation process, from badly correlated clicks producing spurious

time delays to errors in the hydrophone positions, or echoes being lodadised of directly arriving

clicks. Thusthe final localisation results need to be filtered. Most spurious results have’ kihes

and anything above or below teea beatan be removed. The remaining results then consist of a 3D

scatter of animal positits. The number of scatter points in any track fragment is dependent on the

ani mal s vocalisation rate as well as its range
necessary to interpolate track fragments in order to ensure data usedrfoimilegedepth

distributions are not biased.

If only one animal is present this is a relatively straightforward process, simply joining up the dots. In
order to deal with any spurious points still present, a Kalman filter casdaga standard method for
such tasksThe Kalman filter essentially uses a measure of the standard deviation in porpoise
acceleration to predicthere an animal may be, compares that resultaiodata and then combines
boththe prediction and the localisation regoltcreate a more sophisticated moving avekagean,

1960

However,multiple animals add a layer of complication. Simply joining dots or using a standard
Kalman filter will result in interpolation betvea two different animal tracks and aenore
sophisicated process is required. To this end a ntrdttk Kalman filter technique was developed
inspired by image trackin@orenseret al, 2008;Macaveiuet al,, 2014;Dave, 2014).

Localisation dataverebinned into 0.5 second time periods. Localisatiom§s within each time bin

were clustered and the average of each cluster taken to be the position of an animal. A Kalman filter
was then started for each cluster. For each Kalman filter the predicted location of the animal was
determined for the next timt@n. These predictions were then matched to actual locations of animals
using a Hungariaassignmenéalgorithm. If a location was found near to the prediction this was used
as the ext point for the Kalman filter The process then repeats and movesaodxt time bin. For

any clusters not matchega new Kalman filter was starteaihd any filter which failed to match to any
localisation point over a certain number of bivess stopped.

Using this algorithmit was possible to automatically trace out and interpolate individual dive
fragments and deal with spurious localisations with multiple animals present. This type of problem is
often referred to aa pattern recognitioproblem something which humans garticularly good at
solving as opposed to computéBasu & Ho, 2006)further work to improve the algorithm is

discussed in sectiodConclusionFur t her Wor ko

4.4.5 Depth distribution

Interpolated dive tracksanprovide the information required to generatdepth distribution. As
current methods do not allow for animal density to be calculated from the array, the depth distribution
is relative rather than an estimate of the true average number of animals at different depth bins.
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Interpolated tracks arails-sampled (every 0.5 sec) and samplesallocated t80 depth bins. The
number of interpolated track points in each thien provides information dhe relative density of
animals in that bin.

However this assumes that the localisation of animakgigally probable at all points around the

array up to its maximum effective range (around 200Giyenthe narronbeamprofile of harbour

porpoise clicks this is highly unlikely. For examp@ animal tens ahetres under the array will

likely only be cetected if it is facing upwards towards the array, whilst an animal near the sea surface

or withinthe arraydepths | i kely to be detected whewsher itéds
depth distributions derived from track fragments may need to bedseala function reflecting

relative probability of localisation (POL) to depth.

To estimate a POL functioolicks were reangbed from data collected usitiie vertical array with

an extension in 2014Jsually at least one hydrophone on thesterarray must be ensonified for a
localisation to be attempted due to theoretical constraints imposed by moving eeréigal In order

to determine a POL, localisation requirements were relaxed to allow a localisation to take place if
clicks were detectbon as few as three hydrophométhin the vertical array, providingdepth and

range to an animal (but not a 3D location). Fotradkedocalisations using the relaxed critertiae

percentage of clicks detected on the quad array at different depshsds determined. This was then
averaged between all quad array hydrophones. As the standard results require at least one quad array
hydrophone to be triggered this was taken as a measure of the relative POL.

Figure1l2 summarises these results. As expdthe POL decreased with depth. Within the depth of
the array, 45m, the POL fell only slightly with depth but then increased rapidly beyond approximately
60m, 15m below the arrayromthis point the POL would be expected to continue to fall towards

zew. One possible explanation is that below this depth the likelihood of detecting anything on the
array for an animal diving towards thea beds near zero. Thus only surfacing animals or animals
which happen to briefly face upwards are detected on thg. dtence the spike maedue to the fact

that the majority of animals detected are surfacing andatamore likely to ensonify the quad array.
Thisis supportedby analysis othe distribution of animal orientations betweef@n and 6a.20m
(Figure13). The distributiorbetweer60-120m showshatrelatively more porpoisgacing the sea

surfece are detected. Concedingthaivh at ¢ o nmes didghepentestage oflicks detected

on the quad array for depths betweerl@0m was divided in two. The resulting POL with depth is

more convincingFigurel4). Howeverthereisa 6t ai | 6 starting at ~ 75m wi
that the POL should continue approachiegoz This may be due to the sparse number of localised
points and hence large error at these depthanother artefact so far ndentified

It is noted that various assumptions without particularly good evidence have been made here and the
accuratecalculation of probability of localisation function should be the focus of further work.
Nevertheless this gives an initial indication of what a POL might look like and was used to estimate
depth distributions below the hydrophone array.

4.4.6 Software used inthe analysis.

All acoustic data wreanalysed in PAMGUARD, a comprehensive open source software suite for
PAM. The PAMGUARD click detector was used to detect all transient sounds in tHé&QkEz

band. Each detected transient sound was then passedhtlarolick classifier to check whether it was
a likely porpoise vocalisation.

A custom MATLAB script, using the LoggerHead OpenTag library, was created to combine data from
Open tags, the vector GPS and inclinometertamdlculate a time series of hydtugme positions
every 0.25/0.5 seconds in a format suitable for importing into PAMGUARD.

The PAMGUARD multi element array localiser (MEAL) module was then used to localise the
position of animals. This module had been developed specifically for thistprajleScottish
Government suppo(Macaulay, 2012and includes algorithms to deal with match uncertainty
mentionedabove GPS data, including ship headings were imported using the PAMGUARD GPS
module, and the time series of all hydrophone positions was imported using the PAMGUARD
Hydrophone Array module. The localiser module was then able to combine GPS data, hydrophone
positions and detected clicks to determine thegderenced positions of animals.
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A tracking algorithm developed in MATLAB was then used to convert localised points into dive
fragments. All data plots were created in either MATLAB, Microsoft Excel or GIMP
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Figure 12. Initial results to determine a probability of localsiation function. Results show the percentage of
clicks detected on the 6cluster arraydé for porpoises
detected on threer onore hydrophones. Initially the POL appears linear with depth, but the relapdireaks

down at about 60m.
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Figurel3. The distribution of porpoiseertical orientationscalculatedrom interpolated track fragments, for
porpoises between®m (blue) and porpoises betweenBDm (red).-90 degrees is the porpoise facing
upwards and 90 degrees is the porpoise facing downwards. The distribution of orientations shif0at 60
with many more porpoise facing upwards rattan downwards.
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Figure 14. An intial attempt to determine a probability of localisation function with depth. Blue data points are
the percentage of clicks detected on the quad array for porpoises localised at different depths. The green data
points are the percentage of clickse¢¢d on the quad divided by 2 in order to compensate for the fact that it is
likely very few animals are detected diving below the vertical array. The blue line is a smoothed moving average
of all data points and was used to compensate for depth digtribdior probability of localisation. The dotted

orange line is an example of what type of shape might be intuitively expected for a POL indicating that this
requires further investigation.

5 Results

5.1 Study area and effort

Six sites were studied witharying degrees of acoustic survey over three field seasons, from 2012 to
2014(Figure 15) Bathymetry fronDigimap,the INIS Hydro survey, and coastline GSHHG (Global
Self-consistent, Hierarchical, Higtesolution Geography Databe), coastline data waueed In

Figures 15to 28tidal sites are shown witheat maps of both totaktoustic effort and the number of
clicks detected in area bimvided by acoustic effort.

5.1.1 Studies in2012
All survey operation in 2012 took placetidal areas withirthe Orkney Isles.
5.1.1.1 Sound ofLongataing

The Sound of Longataing contains two very shallow inlets in which water from Rousay Sound creates
afast flowingcurrenton the flood tideThe two inlets were too shallow to deploy hydrophone arrays
however theimmediatesurrounding areéitself highly tidal),was deep enough for survey operations.
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Figure 15. All survey sites between 2012 and 2014.

2012 - Acoustic Survey Effort - Sound of Longataing, Scotland
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Figure 16. Acousticeffort in the Sound of Longatainghe two small inlets are too shallow to deploy
the verticahydrophone arrayHowever the immediate area after the inlets is deep enough for survey
operaions and contains a tidal rip.
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2012 - Clicks per effort - Sound of Longataing, Scotland
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Figure 17. Averagenumber of porpoiselicks detected per minute in the Sound of Longataing. Any area with
less than one miute of acoustic effort has been excluded.

5.1.1.2 Fall of Warness

The Fallof Warness sits between the Muckle Green Holm and the-s@mghside of Eday. Prototype
tidal turbines are in operatiai these locationsnaking drifting operations impossiblepwwever, the
tidal rips directly to the south, north and west were surveyed.

5.1.1.3 Eynhallow Sound

Eynhallow Sound sits between Rousay and mainland Orkney. The island of Eynhallow is located in
the middle of the soundplitting tidal waters between a shallow reef, the Reef of Burgar, and a deeper
but very narrow channel to the north. Both channels were unsuitable for surveys but create large tidal
rips to the west of Eynhallow where the majority of survey operatiasgiace.
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2012 - Acoustic Survey Effort - Fall of Warness, Scotland
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Figure 18. Acoustic effort in the Fall of Warness and surrounding area during the 2012 survey. This is a
relatively large geographic area compared to Eynhallow Sound or the Sound of Longataing with much longer
drifts taking pace.
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Figure 19. Averagenumber of porpoiselicks detected per minute in the Fall Warness. Any area with less
than one minute of acoustic effort has been excluded. Very few porpoises were detected in tAisyaaeaa
with less than one minute of acoustic effastbeen excluded.
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2012 - Acoustic Survey Effort - Eynhallow Sound, Scotland
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Figure 20. Acoustic effort in Eynhallow sounduring the 2012 survey
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Figure 21. Average number of porpoise clicks detected per minute in Eynhallow Sound. Any area
with less than one minute of acoustic effort has been excluded
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5.1.2 Studies in2013
In 2013 sirvey operations were split between the Sound of Islay and the GreatlRag@teckan
5.1.2.1 The GreatRace,Corryvreckanand Sound of Jura

The Gulf of Corryvrekan is a deefup to200n) channel which liesdétween Scarba and Island of
Jura.A large body of water travels through the channel generating a significanbtigalith speeds
upto 8.5 knots andesulting, on the flood tide, in a pl@of waterextending wesas shown irFigure
24. Thisarea isnamed the Great Race. Theey operationwvas focusedh the Great Race with
occasional drifts through Corryvreckand into the Sound of Jura.

2013 - Acoustic Survey Effort - Corryvreckan and the Great Race, Scotland
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Figure 22 Acoustic effort in The Great Race/Corryvreckard Sound of Jurduring the 2013 surveWote that
this is a relatively large geograplarea compared to other sites. Rrffere were generally longer than in other
areas.
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Projection and Datum: World Geodetic System 1984

of Jura. Significant numbers of porpoises were acoustically detected and visually sighted in the Great Race. Any

Figure 23. Average number of porpoise clicks detected per minute in the Great Race/ Corryvreckan and Sound
area with less than one minute of acoustioréfias been excluded.
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Figure 24. Current vectors and vorticity in the Great Race and Corryvreckan, showing a plume of
water being shot into the Atlantic form the Gulf of Corryvreckan. Vorticity refers to the strength and
directionof eddieswith blue showing clockwise rotation and red anti clockwise rotafaleet al,

2011)

5.1.2.2 Sound of Islay

The Sound of Islay sits between the islands of Jura and Islay. The sound is relatively, sitatbw
restricted the depth of the vertical array. Due to this, bad weather conditions and substantial high
frequency noiseprobablydue to sediment, less effort was spent surveying than in the Great Race/
Corryvreckan
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2013 - Acoustic Survey Effort - Sound of Islay, Scotland
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Figure 25. Acoustic effort in TheSound of Islay during the 2013 surv@®ue to high frequency sediment noise
andpoor weatheconditions acoustic effort is significantly less here than in the Great Race/ Corryvrekkan.

2013 - Clicks per effort- Sound of Islay, Scotland
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Figure 26 Average number of porpoise dlis detected per minute in the Sound of Islay. Any area with less than

one minute of acoustic effort has been excluded.
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5.1.3 Studies in2014

All survey operation in 2014 took place in Kyle Rhea.

5.1.3.1 Kyle Rhea

Kyle Rhea is a relatively shallow sound which sits between Skye and mainland Scobthemcbw
channelin which the vertical array could not be deploysaducesatidal raceflowing up to 6 knots
and then opeswout into a much deeper chantelthe soth with a slower current around 2deots
(Catter, 2013) In this area it was possiltie continue working around the clock and achieve 24 hour

coverage.

2014 - Acoustic Survey Effort - Kyle Rhea, Scotland
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Figure 27. Acoustic effort in Kyle Rhea
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2014 - Clicks per effort - Kyle Rhea, Scotland

# Porpoise clicks detected
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Figure 28. Average number of porpoise clicks detected per minute in Kyle Rhea. Kyle Rhea contained the

highest average number of porpoise clicks per minute of all six tidal areas. Any area with less than one minute of

acoustic effort has been excluded

5.2 Data colledion summary

A summary of the data collected at all the tidal sites is given in Table 1.

Table 1. Data collected ahetidal studysites. The number of detected porpoise sliskhe number of clicks
detected on all hydrophones dividegthe number ohydrophones in operation. No. of localisation points is the
number of localisation results after filtering. No. tracks is the number of track fragments calculated by the
tracking algorithm describeabove.

Sound of Eynhallow Fall of The Great Race/ | Sound of | Kyle Rhea
Longataing Sound Warness Corryvreckan Islay

GB of data collected 865.17 722.23 638.83 2520.24 248.5 3474.92
No. hours of recordingg 24.0014 20.0421 17.7384 72.82 7.18 91.1329
No. detected porpoise 14121 15304 747 176120 9539 636510

clicks (average per

hydrophone)

No. detected porpoise 672.4 728.8 35.6 2418.6 1328.6 6984.4

clicks per houaverage
per hydrophone)
No. localisation points 4315 2230 115 24057 884 61200
No. tracks 268 90 7 1227 491 3488
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5.3 Localisation accuracy

The array was calibrated in 2013 using simulated porpoise clicks from a source at known positions and
depths. The positions of the pinger producing the simulated clicks and the localised positions of those
clicks are shown ifrigures 29, 30 and31. These data were then used to estimate the depth and range
accuracy shown ifigures32and 33
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Figure 29. Plot of depth versus localisation number. Red points are localisafisimaulated porpoise clicks

and the grey line represents the location of the pinger prodti@mgjcks. Due to equipment failure theseeno
pinger data from localisation 5000+gWever localisation data corresponds to the expected depth (alternating
between 2680m) of the pingeat that time.
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Figure 30. Plot of pinger range from the research vessel versus localised range. Red points are localisations of
simulated porpoise clicks and the grey Ihegresents the location of the source vessel from pinger GPS.
Due to equipmetrfailure pinger range measurements are missing during some periods
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Figure 31 Path of the pinger producing simulated porpoise clicks (grey), the array (green) and geo referenced
localisation points (red). The array can accurately localise the latitude and longitude of simulated porpoise clicks.
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Figure 32 Box plots of depth error versus range. The smaller error at 200m is likely an artefact of the fact fewer
simulated clicks were detected, due to being near the maximum detection range of the pinger system. In reality it
would be expected that depth errasuld increase substantially at 200m-+.
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Figure 33 Box plots of range error versus range. Error substantially increases as range increases. This error
propagates to errors in the geo referenced localisation points, i.e. eatituicd and longitude.

5.4 3D tracks

Figures 34 to 43 show the 3D tracksaoimals #éong with bathymetry data frotNIS (Hydro survey

andDigimap (Bathymetry.Within these figures, several magnified examples are also shown in order

to better visualise tr&s. It should be noted that some cases (<8%) the quad array section was either
nonfunctioning or removed due to poor weather conditions. In these cases only information on animal
depth and range is available; for completeness these have been plaitsding the animal is

directly ahead of the vessel. Each track fragment is coloured differently and hence can represent

di fferent animals or different sections of one i
horizontal scales have been egaated to best visualise the data.

5.5 Depth distributions

Depth distributions were calculated for each tidal site usitegpolatedrack fragments and a

probability of localisation function describetiove Tracks were split into 2m depth bins up to a
maximum depth of 150m. Errors for each depth bin were calculated by bootstrapping the associated
localisation errors for each interpolated track point; 500 bootstrap iterations were used per depth
distribution(Figures 43 and 44)
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5.5.1 Eynhallow Sound

latitude (decimal)

Figure 34. All tracks from Eynhallow soundeynhallow Island sits in the middle of the sound splitting the tidal rip between a narrow channel to the north @ndrelower reef
to the south
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5.5.2 Sound of Longataing
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Figure 35. All porpoise tracks calculated the Soundof Longataing The arrow shows the direction of tidal flow during a flood tide
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5.5.3 Fall of Warness
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Figure 36. All porpoise tracksletectedn Eday Sound. Very few porpoises were detectatiérFallof Warness and surrounding areas
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5.5.4 Great Race andCorryvreckan

The Great Race/Corryvreckan. Entire Site.

depth (m)
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Figure 37. All animal tracks from th&€orryvreckan'GreatRace areauring the 2013 surveyThe narrow channel in the middle of the grapGasryvreckanan area with
an exeptional tidal rip. Tdhe west ofCorryvreckaris the Great Race,largeplume of water which travels into the Atlantio each floodide this waswhere the majoryt
of porpoises where detected.
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Corryvreckamagnified
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Figure 38. Corryvreckaris a deep 200m channeith an exceptionally fast tidal rip at peak flow, with water speeds in exc@&sknaits. For thisreason it was hard to
spend a significant amount of time drifting directly in the channelygver,a few porpoise werdetectedshowinganimals diving to depthsf ~15Q
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Great Race mgnified
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Figure 39. An area of the Great Rackhe Great Race covers a large geographic area with relatively deep for an inshore area. This graph shows a section of
the Great race with associated porpoise tracks. Note that some track fragmenégieety fehg whilst othes aremuchshorter This i due to the orientation
andacoustidbehaviourof animals during a dive
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5.5.5 Sound of Islay
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Figure 40. All porpoise tracks detected in the Sound of Islay during the 2013 sdiveySound of Islay is a fast flowing and, in the narrow channel between Islay and Jura, a
relatively shallow tidal area. As such the vertical array was deployed in a shallower configuration decreasing accddioyn Inigh frequency noise levels inig area could be
significant decreasing detectability. Due to these factors less survey effaewaed to this site and fewmacks detected.
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5.5.6 Kyle Rhea
Kyle Rheaentire éte
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Figure 41. All results from data collected near Kyle Rhea duthme014survey Kyle Rhea consistof a narrow and shalloshannebetween Skye and the mainland which open
up into a much deeper and wider area. The shallow channel has a fast moving tidal Gixnmts$onvhilstin the deeper arezurrent flowsareup to2.5knots(Caroline, 2013)The
number of porpoise detections per hour and visual sightings at thigesésignificantly higher thai€orryvreckarand the Great Race aadorder of magnitude greater than
Orkney, suggesting this could be, at least dyutire time of the survey, an important habfor harbour porpoises. The arrows sttbe/diretion of the current during thebb tide
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Kyle Rheamagnified
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Figure 42. Magnifiedexample ofdatacollectedKyle Rhea. The area where the shallow channel opens into the deeper channel canmtaiged the highesumber of clicks per
minute suggesting aigh density of porpoisesThe arrow shows the direction thfe current during thebb tide.
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5.6 Diurnal patterns

During 2014 a significant portion of the survey took place at night, allowing diurnal patterns in depth
distributions to be exploreds showrin Figures 43and Figuret4. There appears to ke trend for animals to
spend more time diving teeper depths during daylight hotiian at night
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Figure 43. Depth distribution during daytime (orange) and nitiime (grey) hours.
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Figure 44. Depth distributions for all si¥dal sites The dashed orange line and label represents the surface to depth interval ahwiédh spen@5% of their time Red lines
show errors in depth bins. Each lsionsistsof 0.5 second interpolated points from tracks generated by thetnaghki Kalman Thetotal number of points for each bin is
representative of the relative number of detected tracksai bin at different tidal siteyle Rhea is split between daytime surveys aigtht time surveysAll other surveys took
place during daylight hours
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