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Abstract

The rapid development of whale watchinglaelandcan represent a serious thréat
whales during their critical feeding seasomumpback whales (Megaptera
novaeangliaelre one of the most desirechales for wildlife encounters. However,
little is knownconcerningpotential effects from whale w@hing. Furthermore, there is
little knowledgeregarding vocahumpback whalke vocalizationsin the arealn this
study, acoustic tags were attached to seven humpback whales during summers 2013 and
2014 in Skjalfandi Bay, Husavik, Iceland. Bomoise levels were measurdd
investigate possible changes in natural behawip A customized breath and lunge
detector was built and behaural patterns were described and asadly statistically.
Generalized linear models were used to test fanghs in mean dive depth, jerk rate,
breath rate, vertical sed,dive rate and dive duration before rig and after exposure

to boats Effects of taggingboatnoise intensity and whether boats were just passing or
actively approachingwere also tested. Whale voaalions were assessed and
described.Upsweep grunts werethe most commorvocalizations detected and high
frequency callsvere also registereduring the foraging stagehe resultsincludeda
significant reduction oferk rate during activeoatapproachesompared to boat passes,
andincrease oimeandepth during exposure to high noisatensity compared to low
noise intensityNo differences were found between the before, during and after phases.
Whales responded bgliving deeper andperforming longer divesvhen the boat
exposure starteduring the frst hour of the recor¢ompared to later boat exposures
(suggesting a tagging effect). No significant changes were fourmtdath rate, vertical
speed and dive rate. Tlabserved changes in jerk rated mean deptimight indicate a
disruption of foragig behaviar. These immediate responses could lead to impacts
affecting the energy availability in the long term. Further, the registered levels of boat
noise may impair whale communicati¢masking)for critical functions(e.g.,feeding or
socialiang).






fiIKnowing is not enough; @vmust apply,
Willing is not enough; we must do

Johann Wolfgang von Goethe (174832)
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1. Introduction

1.1 Whale watching developmentin Iceland

Tourism has been rapydincreasing in Iceland egecially since 2010 in @& alarming
rythm. In 2016 the total number of tourists reached 1.767.7@6af 6times more
visitors than locals) (see figure 1).

Passengers through Keflavik airport 2003-2015
1400000

1,200,000
1,000,000
800,000
600,000
400,000
200,000

0
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

~ Foreigners Icelanders

Figure 1.Visitors in Iceland (2002015)

Icelanders have always been living off fishing as the main industry and they are proud
of having also one of the most responsible fishgiésheries Iceland, January 2015).
Nowadays Iceland is 8ll considered the secoraggest fishing nation in Europe
according to the official statistics updated until 2013 (IceFishNews, JanU3rg@8).

At the regional level,small fishing has been dismissed in comparison with the big
fishing entrepreneurs. A worth notinghange occurred frorheing small communities
based on fishing to a society where tourism is becoming very impogeadually
replacing fisheries and other traditional sources of incomes (e.g., aluminium factories)
(figure 2; for instance,somefishermen nowadays use their old small fishing boats for

whalewatching tripsand ae changing their way of living.

19



35

__31,0%

30
M%
- ,4%

23 ~33,7%

Tourism
0,5%
21 —T18,8% Aluminium
15 Fisheries

10

2010 2011 2012 2013 2014 2015

Figure 2. Exports of goods and servidesiceland (201€2015)
(Source:lcelandic TouristBoard, 2016)Percentage of total foreign exchange income
from the three largest industries in Iceland; tourism, aluminium smelting and fisheries.

Nevertheless, during the last 3@ars, Iceland hasndergone dwuge transformation
from being awhaling nation to becoming a whalgatching county. According to the

whale experM.H. Rasmussen:

Al celand is a unique example of a country b
a whalewatching country, where whaigatching today is a very important ingtey for
the Icelandic econonay (Rasmuss.en et al, 2014)

Whale watching started in Icelamd 1991 in H6fn, in the southeastern part of Iceland

Ever sincethe whalewatching industry has evolvddstwithin the countrybecoming

one of the major important economic incona¢rational level inthe presen{figure 3.

The last report made by IFAW in 2009 about whale watching worldwide, points that

the majority tourists went to Re@dnomavi k (5
S., Campbell, R., Cortez, H., & Knowles, T., 2D09
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Figure 3. Map of Iceland wth the indicated whale watching areas (retrieved by
Rasmussen, 20hd updated)

1.1.1 The special case of Husavik

Husavk is a small fishingown located in the north east of Icelamdth approximately
2.500 inhabitants During the past 10 years, Husauhas undergone m incredible
growth in whale watching businessyith anincreagng number oftompaniesngaged
in the whale watching sectewrery yearSince whale watchingusinesstarted in 1995
in Husavik, the town has experienced a considerable growth of tourists, particularly
whale watchersHence, in 2009, Hasik was nominated afthe capital of whie
watching of Europ@ (O 6 C o n n 02009, Acerdingad thdcelandic whale scientist
Einarsson:

AiHUsavik is not the only place in Iceland to sdwles and there are now six other
locations, but in no other place has whale watching been sushicaess stony
(Einarsson, 2009)

From 2010 to 2015, the number of whale watching visitors increased quickly, reaching

around 10.000 more visitors each year. Moreover, this increasednassed by double
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in 2016 (21.000 more tourists than in 2015)cteag a total number ofrhale watchers
of 110500in comparison with 89.500 visitors in 20(ftgure 4.
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Figure 4. Number of whale watchers in Hisay190952016. The number of whale
watchers is shown in theaxis and years ithe xaxis.
Source: Rognvaldsdottir L. 016

According to a recent economic survey, in 2015 the total number of whale watching
visitors in Iceland exceeded 272.000, whereof HUsaagkommodateB3% of the
whale watchergRognvaldsdottir, 2016; AndemspGothall, & Wende, 2014; Huijbens

& Johanesson, 2013; Icelandic Whale Watching Associations, 2bil@ddition, the

rapid change of the perception of whales driven by the benefits for the local community
resulted in a generalized positive outcome amtheglocals, as whales were proven to
have much higher profitable ke when they are alive.hls pragmatic approach was
substantiallysupported by the local Whale Museum and the Art Center, bringing new
opportunities for conservation and education while establishing a new activity for the

resilience of the local economy.
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Husavk is aunique place for whale encoensdue to the great chances to spot different
species of whalefup to 23 recordedpecies)Vikingsson, 2019¢ce Whale, February
12" 2017. Comnonly observed speciesf baleenwhales Fam Balaenopteiidae)
include, humpback whaledlégaptera novaeanglidend minke whales Balaenoptera
acutorostratg, butfin whales Balaenoptera physalyiand blue whales Balaenoptera
musculu} are becoming more regular year by year in Skj@iféBay during summer
time. Regarding toothed whaleSafn Delphinidag it is common to sewhite-beaked
dolphins Lagenorhynchus albirostrjs harbour porpoisesPfiocoena phocoepaand
occasionallybottlenose whalegHyperoodon ampullatusynd killer whaes (Orcinus

orca).

In order to cope with the high demand of tourists, whale watching companiesdtave

only increased the number of boats, services and facilities but also the whale watching
season has been extended being from May to September tf2@L4tho almost all year

round in 2016. A total of l@vatching boatswithin 4 companies were opeiraj in

Skjalfandi Baydur i ng summer 2016 ; 7 boats from AN
Gi ant so, 1 boat from ASal kao andlddak from A
boats, schooners and RIB boats. Hence, a total of 45 boat trips were scheduled daily
assuming favourable weather conditiahsing the peak seas®f 2016and at least 49

total trips are daily scheduled already for summer 2®aukur O. A, pers.comm.,

2017 February 2%

1.2. Guidelines and regulations of whale watching

Within the last decadesnany former whaling countriege.g., the United States,

Australia, Brazil and the United Kingdom) stopped whaling when the industry was not
profitable aml sustainable anynore and laws were enforcday The International

Whaling Commision in 1986 for banning commercial whalinQver the yearsthese
countries have adopted a sustainabthe alter:r
whale watchingbushess Currently there are 87 overseas countries that have
developed the whale watching industry asimportant part of their economivC,

2017 January 13.
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In 1996, the International Whaling Commission Committee developed the first official
principles for managing whale watchiagtivities based on theommitmentof all the
participant countrieIWC, 2017 January 13. These principlesnvolve a list of
recommendations for managing the development of whale watchiacfiges in the
way that minimizes the riskf@dverse impacts on cetaceans. The guidelines include
practicesfor reducingdisturbance fromnoise, optimization of boats or platforms used
for these activities and allowing the animals to take control of the duration of the
encounters (e.g., trying to limit the duration of the approach, distance and number of
boatg (IWC, 1999. Therecommendations are usually summarizedades of conduct
(seefigure 5. A remarkable fact is that the use of codes of conduct has been mainly
market drived due to high competence among operators, agaosm has recently
become a useful way of attracting more tourists.

The guidelinescan be flexible or moreestricted according to the parties in chaage

in many cases there is a considerable lackarhmitmentand fulfilment In some
locations of developed countriesch & the US, Canada, and Austrédilnere are strict
regulations and enforced laws for oers which include penalties and fines if the
regulations are violateddence, marine protected areas worldwide also follow the same

policy.

NO Approach

Watching area
=> Constant speed zone

All distances taken
from the animals

Figure 5. Code of conduct proposed by ACCOBAMS (Agreement on the Conservation
of Cetaceans in the Black Sea Mediterraneang®ebContiguous Atlantic Arg¢a
The code of conduct proposes the most sustainable way of boats approaching an animal
in order to avoid whalelisturbance.
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Nonetheless he existence of voluntary guidelines, regulations, or laws in an area is no
guarantee of responsibpgacticesas often there is not enough enforcement or control
for compliance of these guidelines, causing negatigacts (EC. M. Parsons, 2012).

I n Il celand recent 6softé guidelines were d
for responsible whale watching, including a code of conducesponse to the increase

in numbes of boats ina short amount of timandthe highdemand of whale wataig

visitors (Ice Whale 2017, February I8 However, often this is not enough and

guidelines tend tdbe violated without any penalty, putting cetaceans at risk and

disrupting their natural behavio

In order to achieve andhantain economic, sociaand environmental benefits
Skjalfand Bay it is an issue of high importance tmuccess on the development of
sustainableactivities in a fastgrowing tourism development scenario by responsibly

using adequate guidelines and regdiregulations.

On the other hand, the use of dabels and the implementation of innovative quieter

boat designsare becoming more common within the Icelandic whale watching
companies. Such measures should not be used only to attrasitors and
implementation of ecériendly practices should be stimulated in all branches of whale

watching companied.ikely, among recent years tourists are becoming more aware and
concerned regarding environmental problems in the ocean, so that they generally feel
better by choosiyfgifamd| govicroonpraenryt ddor wi | d
(Haukur O. A,pers. comm., 2017, July 9D This is a great opportunity for enhancing

ecotourism that promotes education while minimizmegative anthropogenimpacts

on the marine environment.

1.2 Negative effects of whale watching on
cetaceans

While whale watching development is a profitable source of income that can bring
excellent opportunities for education and research, little is known regarding the negative
impacts ad potential threats that these encounters nfiglveon cetaceans in critical
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areassuch aghe Icelandideeding groundsTherefore, here is a growingoncernthat
these tourism activities adetrimental for the targetispecies.

There is still a lack of understanding regarding how commergibhle watching
activities can produce negative impacts on cetaceans. The study efesimoreactions

in cetaceans is becominignportant for optimizing whale watching practices and
understanishg how these practices can impact the targeted sp&aentistsagree that
the effects and level of impact are highly context dependent I@zgtion, vessel type,
type of approach, number of boats taige) but it also depends on the specie of interest
(Williams, Triter, & Bain, 2002; Corkeron, 1995). Studies regarding steom
behaviaral reactions have been carried out on different species: killer wlalgs
Williams etal., 2009 Williams etal., 2002, Fam Delphinidage.g.,Filby etal., 2014
Matsudaetal., 2011, Constantinest al., 2004; MeissnerAM et al., 2015; LusseauD,
2006) and humpback whales (Scheidat al, 2004) These studieslemonstratehat
shortterm responses are disrupting important behasldunctions such as feeding or
resting behavior. The expertaffirm thatthesebehaviairal reactionscan be expressed

in many different forms involving changes in surfacing and dive patteregdsp
directionality andavoidance behaviar as has been compiled in the recent report carried
outby New, L. Fet al2015.

It is importantto mentionthat shortterm disturbancesnay lead to the impairmentof

vital functions (e.g., reproduction,calving and foraging) affecting at the population

level and diminishing the survival rate of the species A good examplewould be the
studycarriedout during 2003- 2005by Parsons & Scarpaci, 201h theNorth Pacific
southernresidentstockof killer whalesin the United States and Canattathis study

scan sampling is used to estimavhales and number of vessatwl probability models

to determine behavioural changes under different boat exposure conditions. The
estimation points that there are high praliéés of that killer whale population has
been affected by intense boat traffic, reducing substantially foraging efforts, which
could have led to the decline of the population. Currently, this stock is listed as
endangered under the United States andhwigion State Endangered Species Acts,
and Canadads Species at Risk Act (Lusseau,
C, 2009). Thus, further research needs to be conducted to identify where is exactly the
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start point for any whale disturbance tococ in order to avoid irreversible
consequences on the species of interest.

Longterm effects driven by an anthropogenic cause is difficult to address due to the
inherent temporal dynamism of the populations in their activity stages and additional
environmental factors. Thus, there is a big concern among researchers and whale
watching operators that whales or dolphins could eventually leave the area due to
accumulative high levels of disturbance. Recent systematic models have been published
aiming to prectt consequences on vital rates based on modelled management scenarios
in order to help the stakeholders and to highlight the importance of including all the
different aspects of disturbance when assessing human impacts (Christan&en
LusseauD, 2015)

A summary of the most recently published research in regards to whale watching
impacts is a yearly update since 2084d present the main findings the Whale
Watching SuscCommittee of the IWC Scientifi€ommittee (IWC 2017.

Humpback whales are oné the most desired whales for whale watching encounters
worldwide andin Iceland as they present social character, they can be relatively easy to
approach in comparison with other species and they can also show many different
behaviars. Thereis an extens/e debate within the scientific community to understand
whether or not humpback whales can be disturbed by whale watching baaes as
literature showsjuite diversereactionstypes On the coast of Queensland, Australia
when investigatindiumpback whalgroups rea@bns due to whale watching vessels, it
was discoveredthat 46% of the groups did not respa boats, 23% approached the
vessels, and 17¥hoved away making longer div€Stamatioret al.,2010).Also some

social behavior such as tail slappgand spyhops were detected, behawis which can

be understood as aggression signs according to some authors (Parsons & Scarpaci,
2011, or a different way to communicate with conspecifics which is more effective
under masked conditions (Dunl@p al, 2007). In other study carried out in Ecuador
during the breeding season, shierm behaviaral reactions wersuccessfully reported

in humpback whales In this cagsbhe whales decreased linearitfyssvimming patterns

and alsoincreasd speed inreaction toexposure to vessel activifscheidatet al.,

2004).
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In Iceland, studies have been carried out to study potential disturbance in minke whales.
They demonstrated that whale watching vessels caseds and reduction in foraging
activity, as animals rggonded by performing shorter dives and had shorter-westh
intervals indicating an increase of energetic costs (Christiagtsal)y 2013).Spacially
explicit capture- recapture models combined with photo identification were performed
after to detectumulative exposure based on the probability of that whale would be
encountered a whalgatching boatand no longterm effects were found on minke

whales vital rates. (Christiansenal, 2015).

An alternative for measuring whale disturbance to humaaslemimpacts is the
detection of chronic physi ol orglatel&adrmonee s pon s e
levels of blood samples as they could serve as biological indicators. More recently, in

order to overcome the challenge of collecting blood sampletame whales, new

techniques are available to estimate stress levels applied on faecal samples, respiratory
vapour samples, blubber and skin biopsies (Kathleen E. Eual,2013).

1.3 Humpback whale foraging behavior

As other baleen whales (Mysticete), nmpiback whales are filter feeders that use
keratinized platesor filtering small zooplankton. Feeding season is a critical period for
humpback whales and other migratory species of cetaceans as they limit foraging to
only a few months in specific productive areas, whhkedr principalprey is available.
Humpback wvhales in the North Atlantic Ocearcan travel thousansl of kilometres

from their breeding grounds itropic coastalwaters of North Africa, Cape Verd
Islands or Caribean waters,towards highproductive cold waters wherthey feed
during summertime (Stevick et al, 2011). Nonethelessrecent changes in the
distribution of humpbackvhales inlcelandic watershave been reportetinked to
variations in prey availability and distributioms a wmnsequence othanges in the

marine environmen®/ikingsson,2015).

Humpback whales dietonsists ofsmall aquatic organisms that are part of the

zooplankton and small fish such as mackerapelin and herringScomber scombrus
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Mallotus villosusand Clupea harengugespectly (Katona and Beard, 1991; Steviek

al., 2006; Weinrichet al, 1997). In Icelandic waters humpback whales feed mainly on
euphausiid crustaceans and capelin (Sigurjonsson 1995, Stefagissaln 1997,
Vikingsson 2004, Stevicst al, 2006) but diet camary upon prey availability.

Humpbackwhales are welknown for their variety and complexity of their feeding
techniques As with other whales and dolphinghey can either feed at depth or at the
surface according to prey distribution. Humpback whales feeslkilts also differ
among whale gpulations and locations. For instance, in the feeding groun@slbbf
Maine, humpback whales were recorded using bottomreitle(BSRs) to feed along

the seafloor Ware, Cet al, 2013). Vertical and horizontal foraging feedifg- shaped
dives) has been described in detail in studies by Waia., 2011 conducted in the
feeding areas in the fjords of the West Antar®eninsula. Furthermore, humpback
whales may use grogdeeding tactics to maximize foraging efficiency. In Iceland,
humplack whales have been observed feeding individwallyin groups (Rasmussen

M. H, pers. comm., May 2013puring group feeding, different individuals usually
collaboratein order to maximize the captures by using a sophisticated technique called
Abubhbl ef ereedi Nngo where they surround the
while disorienting and keep the prey from &siag. This cooperative methdés been

well described in Alaska feeding groundsVitteveenet al, 2003; Clapham, 2000;
Sharpe, 2001;Weinrich et al, 2006 and Jurasz, 1979)in the North Atlantic
(Ingebrightsen, 1929)Pacific and Arctic water§Wolman, 1978).Particularly in
Icelandic waters humpback whales feeding techniguesotyet fully understood

1.5 Multisensor tagsto  study feeding lunges

Bio-logging and telemetry techniques are innovative tools that have been applied to
diverse research fields ranging from ecosystems functioning, fishbimdiyersity
management, animal ecologyppulation dynamicend habitat modetig (Evanset al

2013). Bielogging devices have enhanced the study of cetaceans, particularly of large
baleen whales that cannot be studied in captivity or laboratory settings. Theofisage
high-resolution multisensoryags hagsevolutionized whale research, as scientists are

gaining deep knowledge about important life functions of these animals underwater.
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These sophisticated devices can be attached to the whales for hours or even days
constantly recording different data typ&&hales can be tagged with different bio
loggers that measure depth, acceleration, waterdaetye and speed. Other devices
such as hydrophones provide insights into the sourd ditethe location of the whale

or even small video cameras, can lmegrated into the small taghat helps
understanding whale movements. One of the most comprehensive achievements from
applying these devices in large whales has been the findings regarding whale kinematics

as a tool to explain whales foraging skills afmlities (Nowacelet al, 2007).

Due to their body shape and physiology, it has been demonstrated that only rorquals
(Fam Balaenopteriidapuse draghased feeding (Orton and Brodie, 1987). In a foraging
dive, these baleen whales can make one or several [UMpes a whale is lunging it
means that it is taking a large gulp of water, which is then filtered throudiakben

plates while keeping the prey before swallowing it. During a lunge, the rorqual first
incites a rapid acceleratiavhile increasing the spdtowards the prey balAs soon as

the whale opensdtmouth, an extreme drag occurs generated from the high resistance of
the expanded mouth with theurroundedwater, reducing the animaspeed. These
patterns have been extensively described in prewstugies regardindgtiinematics in
Balaenopterids rérqualg using biclogging techniques (Goldbogeret al, 2006,
Goldbogeret al, 2007, Goldbogert al, 2008, Friedlaendegt al, 2009, Potviret al

2009, Goldbogen et al 2010, Potvinet al, 2010, DoniolValcroze et al, 2011,
Goldbogeret al, 2011, Wareet al, 2011, Wileyet al 2011, Potviret al, 2012, Simon

et al, 2012, Tysoret al, 2012, Friedlaendegt al, 2013, Goldbogemt al. 2015, Ware

et al 2013, Sivleet al., 2016). For example, suction tags and acoustic surveys were
conducted in Kodiak, Alaska to study foraging dives and prey selection in humpback
whales. The results showed that foraging occurred at a mean maximum depth of 106 m
with 62% of dives occurring between 92 man®@ 0 m and that the wha
prey was capelin (Witteveest al, 2008). Lunging is an extremyg powerful feeding
method thahas obviousnergetic costdnterestingly these costsan be compensated
(reduced)y the whale afterwardsy adjustingheir breathing rate (number of pedive
breaths) (Goldbogenet al, 2008) When lunging the sudden decrease in whale
acceleration generated when the whale opens its mouth can be measured in terms of

change i n accewhehisa tsefdfor studyng fordging bekawio on
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baleen whalegSimonet al, 2012) A peak in jerk during lunge is associated with the
acoustic signal by a drop in flow noise which is detected by the hydrophone in the
acoustic tag. This has served to support kinematic studies that used tag data (e.g.,

acceleration, speed, roll, pitch angle, sound) (@&adk, (2016)(figure 6).

In their attempts at detecting lunge feedin@Qaréet al, (2015) and Sivlet al, (2016)
used the criterion established by Simetnal, (2012) thatlunge feeding events occur
when a drop of at least 12 dB re 1 pyPa within 5 iseffow noise is present in the
acoustic signaturgfigure 6) Flow noise is the sound of water flowing around the
hydrophoneFlow noise in whale tagsften occurswhen the animal reaches a certain
speedandcan interfere with measurements of sounds éngivironmentFlow noise is
caused by whale movemernd it varies upon the tag typand tag position
Furthermore, flow noise has been widely used for estinmaition parameters (e.g.,
speed and jerk derived from the spe@d)bowheadwhales (Balaena mytcetus),
humpbackwhalesand blue whaleby Goldbogeret al, 2006, Simoret al., 2009 2012
and Goldbogeet al, 2011, respectively, and more recertiyAllen et al, 2016.
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Figure 6. Visualization of a lunge event innmmpback whale foraging on anchesi
from acoustic tagsSourceCade et al (2016.Thedevices include video cameras with
orientation and locomotion sensors (speed, jerk acceleration, roll and heading).

A: Start of the acceleration phase (befotanging). Slow speed and
acceleration. The whale is innaupwards position at 70 degrees (roll and
heading) Point A in panel E indicates whale maximum speed.
B: The whale starts opening the mouth. In the picture the blow hole and part of
the upper jaw ivisible. Target prey is visible in the video capture.
C. fAMaxi mum gapeo (complete .open mouth).
D: The moment just before closing the mouth and the previous moment to the
return to a normal position (spins to his left)
E: The figureshows the whale speed (calculated by the flow noise), ,depth
maximum specific acceleratiofMSA) and jerk (sudden changes in
acceleration).
F. The figure shows the whaleientation indicating roll (red, pitch (green)
and heading (blue). The letters (A,®, D) correspond to the figures above

In Iceland, the first bidogging tags were deployed on whiteaked dolphins
(Lagenorhynchus albirostrish order to gain knowledge regardidgve patterns and

echolocation behaviour which was linked to feeding behavi®asmusseret al,
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2013). Last year, an innovative humpback whale tagging projeclanashed at the
Arctic Circle Conferene in Reykjavik in October 201@his project aims taleploy
long-term tags on humpback whales to allow the monitodhghese animals during
their long migration providing groundbreaking informationot only about whale
migratory routes butalso oceanographic information across the seas for better
understanding and suppioig climate change research and other global environmental
problems (Icelandic times, January 2017According to the marine biologist Edda

Elisabet Magnusdottir

nlf we can follow a whal e ihvaluablemtsightintda han a
their lives, their behaviour and why they are in a particular area. It will also give us 3

di mensi onal surroundings which are full o f
possibilities are virtually limitless and the project progssso much from a scientific

st a n d fleelarmdit tims, January 2017)

1.6 Underwater n oise pollution

Since thdndustrial Revolution, anthropogenic noise has been dramatically increasing in
our oceansvorldwide duemainly to shipping €.g.,cruise shps and cargo vessels) and
fastgrowing industrial developmen®nly during the first decade of 2ficentury, the
number of cargo vessels hateadily increased by 8%4% (Simard et al, 2010).
Nowadays, aner important source of noiggrticularly in coastal watelis growing

recreational boat actiyit

Only during the last few decades m@arade noise has been recognized as a source of

Apol l utiono that can potse®inmmordket al, 2004).r m mar i
Intensive sonic dees argroduced by military activitynigh-power narronbandsonars

that can scan vast areas), seismic surveys for exploring new energy resoutces (e.g
blasting, air guns producing powerful sonic pulses) and marine or-Smea
constructions (e.gbroadband pile driving pulse¢lRichardsoret al., 2013) Example

of reported anthropogenic noiaeecompiledin the following tabletablel).
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Types of the Anthropogenic Sound

Intensi
Frequency Y

References

Level
_— . ; 119712 '
Bottom-founded oildriling and mning 47 38 HZ Y Richardson et al., 1995
«
Pie driing soia0 Af 11 Richardson et al, 1995
Drillship 201100 01 7HfzI 81 g Richardson et al., 1995

Semisubmersible driling vessel

107 4000 RytBrel
¢Pa

Richardson et al., 1995

Seismic airguns 1007 25 02 ﬁ-lfz' st5> Richardson et al., 1995
«
The Acoustic Thermometry of Ocea ~195dBre 1
i . ~T5Hz Buck, 1995
Climate Project (ATOC) ¢Pa
Navy Sonar 10071500 %izdg ;e L Conservation and development problem solving team, University of Maryland, 2000
ng&ﬁg:ﬁg?’g’:ﬂ}ﬁ%ﬂ? el ~3000 Hz ~222 d}f ;e L Conservation and development problemsolving team, University of Maryland, 2000
. . . 1807 20 Richardson et al., 1995
Supertanker & container ship 6.8i70 ) B
1 ¢P: Gisiner et al,, 1998
o 150i 17 .
Medium size ship (ferries) ~50 Hz L¢P Richardson et al., 1995
«
Boats (<30 min length) <300 Hz ~1758 d}f ;e L Richardson et al., 1995
170118

Small ship (support & supply ship)

20711000 I-HZ Y

Richardson et al., 1995

Table 1. Examples of noise sources, frequency ranges and intensity. SBergg,: C.,
Zhao, X., & Liu, G. (2015)

Quantifying the effects due to noise exposume marine mammalg a challenging

subject for researchetsecause of difficulties studying these animals in their natural

habitat For example,ttese effects depend on the heariagge of the targeted spesie

frequency, intensityduration and other characteristics of th@se (Board, O. S., &

National Research Council, 28)0

Researchers have demonstrated successfully that intense underwater noise can directly

or indirectly afect not only marine mammals but many marine organismthe

ecosystem, for instanceausing auditorynasking (Codariret al, 2009), physiological

damage KicCauleyet al, 2003), ancchanges in behawmal patterns in fish§chwarz

1984). More recentlyit has been demonstrated that even the pressure waves caused by

noise can alter body metabolism and impedeethbryogenesis processes in fish eggs

and larval stages of small invertebrates (Aguilar de Soto, N., 2016).

Cetaceans and othararinemammalsrely on soundsfor communication andital life

functions It is welkknown that @pending orthe noisecharacteristicge.g, intensity,
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duration, dominant frequencies) and the biglaparacteristics of the targeted spscie
(e.g, hearing range, hearing sensitivity, age, sex), noise exposure can lead to numerous
and diverse negative effects ranging from change in balmawasking (impairment of
communication), temporal or permanent hearing loss, physiological stress and death
(Richardson, W. J.et al 2013) This could result in nomeversible cascade effects,
impacting  population trends (U.S National Research Council, NRC,
2003)Furthermore, the potential effectf noise @ baleen whalesre of special
concern as their most used frequency range (from 1B88B0 Hz) overlapsn
frequencywith the most commorchronic, continuousanthropogenic noise from
shippingand small boats (whale watching boats or recreational boatdicating that

they might be the most affected by noispollution (Clark, 1993; Houseet al, 200)

(figure 7).

Humpback whale /Right whale Harbour

Blue whale orpoise
l A Sperm whale dolphins p Pl

100 Hz 1 kHz 10 kHz 100 kHz
4
small boats (<30m size) (*) S e aa

echosounders/
ships
P fishing boats sonar (***)

drilling /pile driving

naval sonar (**)

Figure 7. Overlap between cetacean vocalization frequency ranges and anthropogenic
noise as shown Hye Soto, N. A2012).

The figure shows somexamples of overlap between cetaceans and underwater noise.
Intense higkHrequency noise sources include echo sounders, (ég. sea bed
monitoring) and fishing boats sonawhich overlap with the higfrequency sounds
typically used by the OdontocetesdMnd low frequenchiuman noise sources include
naval sonars. Big ships and cargo vessels cover a broadband frequency range from low
to mid frequencies. Small boats main frequency ranges fall around 300 Hz. Low
frequency noise sources include ships, itidglinoise, seismic survey exploration for oll
& gas energy, and neashore constructions. These activities are more likely to interfere
with the frequency range used by baleen whatesproducenasking (Payne and Webb
1971, Richardson et al1994;2003)(*) symbols indicate examplgathered from other
authors: (*XRichardsoret al, 1995); (**) (Convention of Biological Diversity, 2014
and (***) (Hansen 2009).
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1.6 .1 Concerns about noise pollution in Skjalfandi Bay

In Iceland, there is noationalregulation regarding noise pollution and little research
has been conducted regmgl this study field.Besides the existenntense noise
generated from whale atching boats duringhe simmer there is a major concern
among the researchers in Husavik rdgay the recent start in 2016 of the construction

of a new silica factory developed by the German company PCén8His subsidiary

PCC Bakki Silicon hf.(PCC.SE2015) In 2016the constructionncluded constant
dredgingrequiredfor expanding the harlw, and several daily explosiofier a tunnel
construction next to the hanofor facilitating the material transport from tipert to

the factory.In summer 2016a pilot project was conducted by students for monitoring
noise levels generated by thenstruction The estimated SPL for the explosions was
from 184 to 195 dB re 1 u Pa within 6 nautical miles from the epicentre of the blast,
lasting for 21.53 seconds and 67 dB above the ambient noise at 50 Hz. For constant
dredging, SPL was 153 dB re 1Ra and 29 dB above the ambient noise at 300 Hz.
These preliminary results indicate that both low frequency noise levels (explosions and
dredging) reported during the study are likely to cause masking particularly in baleen
whales and in case of the exptosnoise levels, temporally or even permanent auditory
threshold shift (Garcia.B, Giesler, F, Jonsdottir, S, Hamran, E, Levin, C, Mandewirth,
M, Saarmans, P and Parteka, R., 2016,in preparation). Yet, potential effects on
cetaceans due to these activities still pending issue. Further, the expected opening of
the factory at the end of 2017 obeginning of 2018 (Atvinnuvega og
nyskopunarrdduneytio, 2015% a cause for concern as heavy shipping traffic is

expected in the Bay in order to transport thguneed materials.

It is interesting to mention the recent paper published in 2016 by Cwdtoalh) which
reported accumulative effects of underwater noise generated by vessel traffic activities
and constructions based on muwiar observations, revéal that the noise was
diminishing successful whale communication to 84%. Indeed, the results showed
temporal displacement of both baleen whales and toothed whales during the
construction (including boat and dredging activitidsjrther the author studd the
susceptibility of different species in exposure to the different noise type. The study
points that harbour porpoises and minke whales reacted to drebdgingommon
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dolphins Pelphinus Delphiswere more likely to be displaced by the boats. Eventually,
nonshortterm consequences were found due to these activities that could alter the

seasonal migration patterns and natural habits of the animals (Cett@th2016).

1.6 .2 Boat noise from wh  ale watching activity

Generally boat noise is characteradas lowfrequencynoisethatcan be generated by
various ships andessels(Codarinet al, 2009). Low frequencies overlap with the
frequency range used by all baleen whaleéggestinghat they are the more susceptible
to boat noise tha®dontocets (Payne and Webb 1971, Richardstral 1995).

Generally the frequency rangef the noise of small boats used fohale watching

cover thelow- and middle frequenciegbelow 10 kH3 (Evars, 1996). Boat noise is
mainly generated by the motor engine and the propeller. Generally, big and old vessels
tend to be noisier than small and newer b@atsrdon and Moscrqd 996).Often, ;e

of the source®f boat noiseis cavitation. The @vitation s the rapid transformation
cyclegenerated byhe sea water and vapour due to the very lovsguee in front of the
propeller and iis generated by the rotation of the propelkstrlow speeds, propeller

cavitationnoise night not be the prime compongRoss, 1976)

No received sound pressure le(®PL)thresholdgor predicting the behavioural effects

of boat noisehave beerestablished because the responses of humpback whales and
other baleen whales are likely driven not only by SPL or other chaslicteof the
noise, but also by a range of contextual factds dderminewhat is the main factor

that is disturbing the whales (e,gthe noise generated by the bodtse presence of
boatsor both is a difficult taskas theresponse®n cetaceans cape highly context
dependent (e.gthe number of boats around, distance to the animals, speed, time of
exposure boat typg and in case of whale watching boats, the way of approaching

during an encounter play@amportant role

Some research has bemmnducted to monitor noise generated by whale watching boats
and determine the start points for whale disturbance in order to guide the operators
towards sustainable practices. British Columbia Erbeet al (2001) recordedhoise

from whale watching boand estimated a safe zone for killer whales by using sound
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propagation ad impact assessment models. Theynd that boat noissourcelevels
ranged from 145 to 166B re 1uyPa @ 1m, increasing with speed. According to the
model, killer whales could heaadt boat noise a& maximum distance of 1&m,
masking (overlapping between killer whale calls and boat noise) occurredkiat 44d
potential behavioral reaction occurred at a distance of 200m.addition, it was
suggestedhattemporary threshold sh&tin hearing of %IB within 450m. For slow boat
passing, levels were lowefErbe, G 2002). Anotheistudy condu@d in the same area
showed thatrresponsible whale watching practices, in this case, boats speeding up to
get close to the whales orterfeiing in the whalé predicted path, showed that boat
noise increased up to WB at a distance of 100m causing avoidance and changes in
behaviar in killer whales increasing the energetic cdstthe animalsThey foundthat

a fastmoving boat had to be bast ata distance of 500 to producehe same levels of
noise than a slownoving boat at a distance of 10Qjwilliams et al., 2002). Whale
watching guidelines should therefore encouragedmsab slow down around whales
and not to resume full speed Wehwhales are within 500nThis type of researchs

necessaryor helpingdeveloping whale watching guidelines.

In summer 2016, a pilot project was conducted in Skélfandi Bay for monitoring noise
generated bylifferent type of whale watching vesselgeraing in the arede.g.,motor
boats, RIB boats, schoongr&urther, these noise levels were compared withore
recentschooner that usean electric enginein order to reducenoise pollution This
schooner is using its electrical motor most of the time, but not when the batteries are
empty The results showed that considering the same distance and similay thgeed
relative boat noise levelsere similarfor RIB boats andor the £hoonerthe with the
electricpropulsion systemat the dominant frequency range of baleen whale#i(5®

300 Hz). The results suggested thidte main noise fronthe boat with the electric
engine(with charged batteriesyas likely to begenerated by the propell@and notwith

the engine explaining theobtained noise leveligherthanthe ones predted) This

pilot projectevidence the impotance of studying whale watching boat noise in order
to understandboat noiseproduction while promotinglternatives ansciew degyns for

quieterboats(Garciaet al, 2016)

38



1.7 Humpback whale sound production in feeding
grounds

Humpback whale vocalizations are produced in a wide frequency rangd.@réin to

10 kHz(Thompsoret al, 1979; Payne and Payne, 1985; &wal.,2001; Cerchicet al.,
2001).Although, umpbackwhales are legendary for their complex songs produced by

the mdes during the breeding season in tropical aredwch can reach higher
frequencies up to 24Hz (Au.et al., 2001;2003 and 2006)n contrast, during their

feeding season ihigh coldlatitudes,theytend to usdow frequency vocalization types

for communicatingii n e ng s o c i duling theofeediny seasdStimpertet

al., 2011). The frequency range of these social soundsvarier om O 50 Hz up t
(Silber 1986; Dunlopet al, 2007; Dunlopet al, 2008; Stimpertet al, 2011)with

dominant frequencies at 3@hd 500 Hz (Erbe. et al, 2002). Certaidow frequency

vocal soundsvith frequencies fronr20to 1900 Hared e s cr i bed as fAgrunt s o
to distinguish them from other sound typégcording to Thompsonet al, (1986),

fiprolonged vocalizations of at least 400ms duragind wereclassified as moans while

shorter vocalizations were termed grdnt® Alaskanfeeding grounds they recorded

moansof 0.2-1s duration, 17892 dB re 1nPa @1m source level, with dominant

frequency at 30600 Hz and 20-2000 Hz bandwidth(e.g, Thompsonet al, 1986,

Cerchio and Dalheim, 2001). Another common low frequenagal soundis the

i w h ywhich was recordin Glacier Bay National Park and Preserve in 2(Bde

& Gustavus2003).

In 2007 Dunlop et al, 2007 notedthat these low frequencygocial soundsare often
accompanied by social behanronext to the surface suds flipper/tail- slappingor
breaching typical humpback whale active behawi®which have been recently proved
to play specific and important roles famommunication Kavanagh,2016). It is
suggested thaocialsounds can serve as a way to indicate lonaidentity or size but
are highly contextdependent(Tyack, 1983; Silber, 1986; Thompsast al,1986;
Dunlopet al, 2007%.

While humpback whales tentb be quieter away from breeding groundsinging
humpback whales have been recorded in their migration routes and on high latitudes
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feeding ground¢Vu, et al, 2012). Indeedin 2009the first report ohumpback whale
singing in the subarctic waters of Northeast Iceland (Skjalfandi Bayyepasted by
Magnusdattir,et al., (2014, suggestinghat this areacould be a potentiallocation for
whale mating during winter. Furthermore groupspecific feeding calls have been
reported (Cerchiet al, 2001)in southeasilaska suggesting thahumpbackwhales
could use these to coordinate hunting in groupsaddition mysterious click trains
during night while foragingvere reportedy Stimpertet al, (2007 in the northwest
Atlantic feeding areaDespite the lack of understanding of remngs sociakounds,
little research has le@ conducted for catalaghg and comparing these call types among
areas In 1986, fivevocal categories werdescribed by Thompsoet al (1986) inthe
high latitudes feeding grounds of Southeast Alaska. Moreave2007 a taal of 34
social vocalizationswere describedduring migrathg seasons in Australian waters
(Dunlop et al, 2007). Later, 16 individual call types were nested within four vocal
classes in Southeast Alaskko(rnetet al 2015) A recent study carried out by
Bjornsson(2014) described for the first time nancialcall typeswithin 11 categories

in the study area of this proje&kjalfandi Bay Iceland.

1.7 .1 Humpback whale hearing

In order to understand noise effects in cetaceans and other marine marnnsals
necessary to know what is the hearing range of the spaftieterestasit is assumed
that the reaction thrbslds for marine mamads is somewhat higher than the hearing
range(Erbeet al, 2002)This information is only available for some Odontocetes, and

the amount of information on baleen whales hearing is very limited.

Experiments in captivity have been carrd an OdontocetesRacini, 2011; Wensveen

et al, 2014) and pinnipeds (e.dMulsow et al., 2012), includinghearing sensitivity
measurementgaudiograms) which gives useful information about how they can
perceive sounddt is useful tomeasurehearing thresholdg$or exposure to noise for

each spece The bes sensitivity (best hearing) for Odontocetes and pinnipedsdalls

4070 dB re 1 & Pa at frequenci displayjtheiom 1 ¢t o

peak sensitivity in the ultrasonic rand&schardson, 2013)
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Yet, audiograms for baleen whales acarrenty not available because these large
whales are not kept in captivity and therefore not accessililearing measurements.
However humpback whale are one of the most monitored whales in the field and their
calls have been widektudied A study basedn vocalizations recordings theaximum
sensiivity is estimatedaround120 Hz- 24 kHz, with good sensitivity fron20 Hzto 8

kHz andhigher @u et al, 2001; 2006§. However, the ssumption made by Aet alis

not very strong; there is no reason why all harmonics produced should be audible to the
producer, they could simply be byproductsn alternative audiogranbasedupon
anatomical dataf humpback whaleand prediction modelsndicatedthat maximum
sendivity fell around 26 kHz, and good sensitivity betwe&00Hz-10 kHz (Houseret

al., 2001;Erbeet al,, 2002 (figure 8).

140
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Figure 8. Suggestedudiogram for humpback whaé€Erbe et al. 2002
The figure shows theudiogram of 2 Odontocetes; killer whadeand beluga
(Delphinapterus leucas) in comparison with the human and the predicted audiogram for
humpback Wwales based on anatomical datrbe et al.,(2002 suggested that the true
humpback whale audiogram likelies sonewhere between the 2 humpbagkales
audiograms drawnThis audiogram is based on the studyHouser et al.(2001) who
predictedrelative sesitivities.

1.8 Present study

The present study address thmneainresearch topics: natural behaviour, whale watching
boat noise levels arghort term effects due to whale watching pressure.
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More specifically,it is the first time that humpback whale behavics monitoredon
Icelandic feeding ground$y using multsensor acoustic tagsand that research
regarding whale behawvical reactions in humpback whaldse to vessel exposure are
examinedn Iceland Such d&forts are needeuh orderto help the stakeholders to define
good whale watching practices for responsibleeiigpment in the upcoming years
addition, noise levels of whale watching boats are recorded using an incorporated
hydrophone in the tagJhis is a pioneer project for estimating boat noise levels that
whales are receiving during whale watchegivities andtherefore it allows linking

noise levels with measured behavioural reactions in humpback whales. This approach
could serve to determine possible start points for whale disturbance (e.g., estimated
distance from the targeted whale to thesegsboat speed and noise tlmads that can

lead to whaledisturbanceeactions), bringing new knowledgewards to improvehe
existent guidelines or the implementation of new procedures based on scientific

information.

Humpback whale vocalizations reded in the acoustic tags during 2013 and 2014 are
described and analysed in this project. It is the first time that humpback whale
vocalizations are examined by using-gging devices in Iceland. This will support
previous research regardinbe humpbak whale vocalization on Icelandic feeding

grounds.

1.9 Project aim and objectives

Theaim of this study igo investigate thgotential effects and riskd underwater noise
caused bywhale watching activities irskjalfandi Bay, Husaki as well as tagain
understandingbout humpback whalacoustics andatural behavior in the subarctic

feeding grounds dflisavk, Iceland
This aim is pursued by,

1 investigatingwhether or not the presence amuise from whale watching boats
operating in Skjalfandi BayHusavk is triggering temporary behaweal
responses in humpback whales during the peak dates of their feeding season

(June Augus).
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1 characterizingooatnoise leveldrom whale watching boathat the whales are
receivingwithin a regular whale watching dayd to determine whéter or not
boat noise is interéring with the low frequency range used by the humpback

whales(masking).

1 expanding the knowledge from preui® studies regardingumpback whale
behaviair, dive patterns and nonsong vocalization during feeding seasons

based on mulsensor bielogging devicesindacoustic data.
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2. Research methods

2.1 Tagging methodology

Tagging was carried idune 2013 and June 2014 in SkélfaBady. The tag was
attachedrom a small rigid inflatable boatsing a8 metes carbon fibre poleThe tagis
presumablydeployed in the back of the whale, between the dorsal fin and the blowhole.
Oncethe fg rekases fom the whalgit ascends to the surface and floats uatdign is
transferred via VHF transmissiofhen,the tag is retrieved artie data is downloaed

to a computer (figure)9The tags can be leasedwhen life duration ends, but often

they fell before thatime, due to bad weather conditions sharp whale movements. For
ethical reasons, the tagging event took place under the permission of the Icelandic

Ministry of Fisheries.

Picture2. Pole withtheattached tag.
Photocredit Marianne Rasmussen

Picture3.Tag attached in the back of a humpback
whale. Photo credit: Tom Akamatsu

Figure 9. Tagging methodology
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2.2 Study area

This study was perfornde in Skjalfandi Bay off Hisavik Northeast Iceland
(N66.05,W17.31). Skjalfandi Bay is approximately 8.5 nautical miles wide, from the
harbair to the mountains (west to east) and 13 nautical miles fromnés partto the

open ed (from the south to the north) (figut®). The complexity of cuents, climatic

and geomorphologycharacteristics of the island in this arespresent he ideal
conditionsfor foraging particularly forhighly migratory species dfaleenwhales (such

as fin, blue whales and humpback whales) which can travel thousands of iekomet
annually for feeding in specific high latitudes productive areas. Skjalfandi Bay average

depth is around 100m but the maximuepth reaches down to 22qGislasm, 2004.

18°00"W 17°00°W
1

t Grimsey

Study Area

[-66°100"N

: Flatey

Skjalfandi

Husavik

Belén. G. Ovide 04/03/2017

Figure 10. SkjalfandiBay,Husavik, Icelananap
SkjalfandiBay is located irthe North east of Icelandhext toHUsavik townThe small
islandin the North West part of the Bais namedFlatey. Eyjafjorour (the biggest fjord
in Iceland) isthe next fjord located next to Dalvik and Akureiry town in tlestpart of
Husavik.
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2.3 Provided data and processing

I Provided data

For this study, datgatheredrom differentbio-logging devicesvere provided by the
researcher Dr Tom Akamatsmember of theNational Research Institute of Fisheries
Engineering in Japaand Dr Marianre Rasmussendirector of the lsavik Research
Cente. A total of six tags werettached in June 2013 and another six tags were
deployed indune 2014.

For data collection, mini AUSOM8&utomatic Urderwater Recording System was used

(Aqua Sound Co., Ltd., Kyoto., Japahttp://agua.sound.com)y/manufactured by Little

Leonardo Corp., Tokyo Japarttp:/I-leo.com/eng/datbogger. The mini AUSOMS
recorder isa floating cylindrical pressureesistant TAG recorder with92 mm long and

51 mm in diameter (figure 1)1 The device has amall hydrophone incorporated with
sensitivity of 210 dB re V/1 Parhe sample rate used for thecorderwas up to 44100

Hz in the acoustic tags deployed during summer 2013 and up to 48000 Hz for the tags

attached in summer 2014.

Bio logging devices contained accelerometers Wi3BMPDEGT: 21 mm x 114 mm,
59 g¥ (in air) bio loggers and sensofor measuring swim speed;aXis acceleration,

depth and temperature. The pressure resistangets2000m.

-140.0
-150.0

-160.0
192mm

hydrophon

b * VHF (ATS MM130)

-180.0

-190.0 [ AUSOMS-mini Il%

-200.0 Float
5100 ORI400-D3GT

Figure11. W10003MPD3GT tag model used for the projeci
AUSOMS mini recordgfAkamatsu,T et al, 2014)

Frequency response
{OdB re.1V/puPa)

51 mm
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From 12 total deployedtagsduring 2013 and 2014inally 7 tags wereanalysedin this
study. Considering thiathe tags weraleployed with differenfpurposse at that time
(E.G., aph D projectregardingwhale ecologygnd not necessarily f@nalysing whale
reactions to human activitiesot all the devices gathered the minimum requiremants
order topursue the aims of thigarticularstudy (e.g., lacking acoustics or tag da}
Nonethelessthe choiceof usingthosetag datafor this study case was interestiagd
tempting.The sampling interval rate (tagesolution) wag second fothe three whales
tagged in 2014Mn215 2014, Mn200_2014 aridnNI_2014) and two of the tagged
whales in 2013(Mn270_2013 and Mn255 2013) and 10 seconds for the other two
whales tagged 12013 (Mn240_2013 and MnNI_2013Yhis means that a data point
was give in an interval time of 1 second or 10 secolid®e maximum ormode tag
duration is approximately 9 days and 30 days for the long term AUSOM, but tags felt
off beforethat time lasting less than 5 dagsble2).

PHOTO ID CODE Mn240_2013 Mn270_2013 Mn255_2013 MnNI_2013
Attached time 08/06/2013 15:17 05/06/2013 13:03 05/06/2013 17:44 06/06/2013 15:14
Attached time (audio file) Rec DS800046.WMA (2h17'04") Rec DS750194(0h 03'19")  Rec DS750129 (4h 44' 17") Rec DS750066 (2h 13'5

NA
Attached GPS position NA NA NA

NA NA NA NA
Detached time 13/06/2013 5:22 05/06/2013 23:49 06/06/2013 7:09 07/06/2013 14:59
Dettached time (audio fil¢) Rec DS800060.WMA (03h 22'00Rec DS750194.WMA (10h 50'02" Rec DS750131 (7h 09' 13") Rec DS750069 (2h 01'1
Attached duration 110.08h 10.78h 41.17h 19.94h
Retrieved time 17/06/2013 17:16 06/06/2013 10:45 07/06/2013 10:54 06/07/2013 2:01

) . NA NA NA NA

Retrieved GPS position

NA NA NA NA
Tag sampling rate 1sec 10 sec 1sec 10 sec

PHOTO ID CODE Mn215_2014 MN200_2014 MnNI_2014
Attached time 25/06/2014 6:31 27/06/2014 5:41 29/06/2014 3:17
Attached time (audio file) Rec 0000081.wav Rec 00000257.wav (32") Rec 00000 135.wav(18"

" N 66°01'54" N 66°01'30" N 66°04'52"
Attached GPS position
W17°32'57" W 17°38'08" W 17°45'41"
Detached time 25/06/2014 18:52 27/06/2014 18:46 29/06/2014 9:50
Dettached time (audio fil§) ~ Rec 00000815.wav (01") Rec 000001029.wav(43") Rec 00000521.wav (40"
Attached duration 12.53 hr 13.08 hr 6.55 hr
Retrieved time 26/06/2014 0:40 28/06/2014 2:02 30/06/2014 0:58
) . N 66°05'86" N 66°05'28" N 66°01'26"
Retrieved GPS position
W17°31'16" W17°4327" W 17°25'09"
Tag sampling rate 1sec 1 sec 1 sec

Table2 Taggedwhales used for the project and tagging characterishcahales=7.

Tagged whales were recognized and named by using fDotmmpback whale
catalogue provided by the Husavik Research Centre. Two of the seven whales could not
be identified (NI) in the catalag (MnNI_2013 and MnNI_2014).
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1 Data processing

Rawtag data fronthe multisensor devicescluded: time (seconds), propellevhich
measures the number of its rotations in a period of 1 sec (counts/sec), de@axis),
accelerationwhich measures the gravityut also theaccelerations relatetb animal
movementin m/s2and 3axis compass, which measures the magnetic iireéhsity in
microTeslaunits. However, 3axis acceleratign3-axis compasand propeller data were
not present in all the tag§he acoustic data wascordedn 1 minute .wav audio files
for tagged whaleg 2014 and in 10:58:59 WMA or 1:58:5%av audio files for whales
2013.

Excel was used asfast tool for computing and managing tag data. In addition, IGOR
Pro 5.05 (WaveMetrics, Inc., Lake Oswego, OR, USA) was used for tag data
visualizaton and analysisAdobe Audition3.0 software was used for listenirig the

audio files.

For each whale, time seriefata obtained from the data loggers was imported and
computed in customized worksheets in Excel (one worksheet per tagged whale), linked
ard synchronized in time with the audio files. This audio data inchalevioural
events such asreaths, foraging lunges, social behavjorocal sounds, and boat noise
(seeAppendix 1). In total 214.13hours & recordings among the seven whales were
carefully listenedexamined and computed in Excel.

The speed of the animal was recordedotation counts. This refers to the number of
rotations made by the propeller mounted the actual tag Rotation counts were
converted to m/s based on the caliloratexperiment that was developed by using an
experimental designed water flownnel (Akiyama Y., 2015)In this experiment the
accelerometers are set inside the tunnel and the rotation counts are obtained from flow
speed ranging from 0.1 to 1.1m /s inegression. Theorrelationcoefficient was 0.999
(N=10).
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Speed (m/s) =.0933 * Propeller + 00194
a= 00933 and b= 0.0194 are theefficients obtained from the regression

Vertical speed and vertical acceleration were atsoputed straight frorthe depth data

by usingthe followingtheformula:

V.Speed XDepth[t] i Depth([t1] )/ gt
And the \ertical acceleration at the time (t) is computed fromviértical speed, divided

by time:
V.Acceleration(t) X V.Speed[t || V.SpeedHl] ) / gt

To havea close estimation of the actual whale speed and acceleration, it was necessary
to account with the-8xis acceleration dat&y doing sowhale speed derived from the
kinematics of the body (VK), could estimated by dividing the verticapeedobtained

from the depth profile by the sine of the baalich anglegMiller et al,, 2004).

The actual acceleration can be computedhmyosingone of the 3axis for acceleration.
Hence, to obtain the pitch, it is nessary to have a good calibration of the

accelerometer and/or the compass.

For this project, due to the lack of three axis acceleration data for all the wioales
simplicity and time constrictionghe data chosen for this study were propebpeed
(counts) vertical speed andertical accelmtion Notice that the accurateness of using
these vertical parameteialows a positive relation as the whadecloser to his vertical
position. Thus, for the whales with sampling interval rate of 1 sec{kkh215 2014,
Mn200_ 2014, MnNI_2014,Mn270_20E8d Mn255 2013) the accuracy of Vspeed/acc
is higher than for those who had 4@conds sarpling interval ratgMn240_2013 and
MnNI_2013.
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3. Data analysis

3.1 Characterization of whale behavio ur

It is important to mention that after a preliminary inspection of tag data collected by the
7 tagged whales, one of the individual s
to little flow noise) for testing the feasibility of conducting the differenalgsis and

that due to time restrictionsome particular analysis were limited to this whale. In this
case, whale Mn215 2014 was used to initially recognize and istuthghavioural
trends evidencing the naturally weléfined distinction between foraginand non
foraging stages. Thiallowed toapply this discrimination (foraging vs ndaraging

state) to all the tagged whales. In additiumther desdptive analyses were carried on
Mn215 2014 aiming tgrovide more extensive information specific behavioural
stages Descriptive analyses were performed based on previous studies found in the
literature regarding whale behaviour by using the parameters given in the tag data
combined with the acoustic data gathered by the hydrophone.

For further analysi involving all the taged whales adive was defined asany time
when whale wasubmerged deeper th&m for a period longethan 10 seconds.
Surfaces arany time when the whalegare at the surfackr breathing Then for this
study,surface events were defined as the time pemdtn the whale is diving below 5

metres.

3.2 Using flow noise and  whale movement for lunge
and breath detection

The objective of developingnaautomatictool for lunge and breath detection was to
enhance tl characterization of natural whale behaviohile optimizing the detection
of potertial behaviaral changes (i.e jerk rate and breedlte) used for anaging whale

watching boat effects on whale behawi¢section3.4).
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1 Lunge detection

The acoustic sigrture of a lunge consisted of a clear increase of flow noise in the low
frequencies (up to 6000 HZlhe peakat maximum flow noisés followed by asudden
decrease in flow noise that is clearlygistered in the spectrograrfigiire 12). The
acousticsignals for lunges varied greatly among tags. Part of this variation comes from
tag types and position, but also from natural variation regarding size, age and power

usedby the whale in each lunge.

Figure 12. Example of an acotis signature of a lung plotted in Adobe Audition 3.0.
The top image represents the waveform of the audio sitjreflows theamplitude on
the yaxis along the tim¢seconds) within the duration aflunge. In the bottom image
the spectrogram signal repsents the frequency range (ldt}the yaxis versus the time
in the xaxis. The colour gradient from yellow to purple indicates noise intensity from
high to low.The flow noise at low frequencies reaciispeak when the whale makes
the strongest flukermke before opening the mouth for prey engulfment.

The drop in flow noise in the acoustic signature coincides with a drop in acceleration
and speed just when the whale opens his huge mouth for prey engulfment. As a
consequence great drag is generatéetween the body and the surrounding water that

forces the whale to slow down. This relationship between speed, acceleration and flow

noise was used for detecting lunges.

The 3-axis acceleration and propeller datarenot provided for all the tagged whale
and sample rate differed among the tdgsithermore, after checking with experts in
manipulating tag data, it was found that the propeller data in the tag did not give

accurate information for low speedonsidering this and tHack of homogeneousatg
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it was concluded that the best option for data analysis was the usage vertical parameters
for speed and acceleration that were calculated based on depth variations along time
meaning that only vertical lunges were investigated by the detector. Thus, when
monitoring the depth profiles not bottoside (rolling at one side along the seabed),
horizontal or downwards lungeseve found along the seven tag$ie vertical speed

and vertical acceleration were computed from the depth (m) by follogpegific
formuas explained in the sectioh3. The following plots show variations in flow
noise, vertical speed and vertical accelerati@t gnovide evidence for a lunge (figure

13).
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Figure 13. Examples of t drop in flow noise, speed and accelerai
duringlunge feeding for whale Mn215 2014

In this case, the peal flow noise is at 149 dB re pPa. The drop in flow noise is z
within the 5 second window just after the speed and acceleration reach the m
value. The maximum speed is 1.96 m/s and the drop is of 1.07 m/s within 5 secc
maximum acceleratiois at 0.48 m/s2 followed by a decelerationb#il m/s 2within £
seconds.
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For drogs in acceleration and speed we calculated the differences between the maximum

value and the minimum value within 5 secoondishe lungepeak.The acceleration near

thelunge varies from low positive to negative value (when the whale opens its mouth).

This mdion (sudden change in acceleralion i s al so defined as fijer

with whale lunge feedings accordit@gSimonet al, 2012

Further, the correlatio between the speed calculated from the propeller data (m/s) and
the speed calculated from the depth (m/s) was tested. For acceleration, speed from the
propeller divided by time was compared with the vertical acceleration calculated from
the depth. The obined curves were useful to test the reliability when using vertical
parameters for lunge detection.

It is important to consider that when using vertical parametespééd/acc):
1 If the whale igdiving 100% verticallyV.speed/ac are the same as the sgéacc
so thatmore the whale idiving in the vertical positiorbetter is the accuracy of
the verticalspeed/acc.
1 If the whale igdiving horizontally, V.speed/acc are always equal O
1 Between vertical and horizontal, the V.speed/& equal tothe speedand
aceeleration(from the propeller) multipéd by the cosinus of the angle between

the vertical and the direction of the whale.

This is the reasowhy thefour curves V.speed and speed:V.acc/achave the same

behaviar (figure 14).
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Figure 14. Example of comparison of vertical speed and acceleration (V.speed/acc)
with nonvertical speed and acceleratiqipeed/acc)

The blue curve represents the speed calculated from the propeller Tinés).
yellow curve representthe acceleration calculated from the speed from the
propeller. The orange and blue curves show the vertical speed (m/s) and vertical
acceleration (m/s?) respectivelgalculated from the depthThe red square
represents one lunge. The formula $peedcalculation based on the propeller
is explainedn the section 2.3.

The fact that curves for speed and V speed/acc showed the same trend, confirms that all
the whales were making mainly verticalraar vertical lunge feedings.The peaks in the
speed and thecaeleration suggested that humpback whales use fluke strokes to make

lunges.

Based on these observations, an automatic lunge feeding detector was built in Excel by
following the methodologgeveloped by Goldbogeet al, (2006 2007 for detecting

the upwad lunges using vertical parameterse detector was based on the ittt the

most reliable indicator for lunge in the tag data is a sudden change in the animal speed
and acceleration as a result of the enormous drag generated when the whale opens his

mouth for prey engulfment.

The rules and criteria for automatic detestoereselected manually and implement

Excel. As it was expected, there was high variance among whales regarding speed and
acceleration values for detecting lunge values as well as what was previously described
for the acoustic signature during a lungsowever, the presence of relatively drastic

drops in flow noise, speed, and vertical acceleration remained in all the tagged whales
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when lunging. These variationsave been shawand justified in other studies as
artificial variation due to the tag plaoent on the body of the whale as well as natural
variation driven by the kinematic behawroduring lungegSimonet al, 2012) These

variations were oveane by carefully adapting the values in the criteria for each whale.

Sometimes, the whale was neag surface and the hydrophone recorded bird sounds or
constant bubbles during lunge feedings confirming the active whale foraging hehavio

The detector also registered presumed foraging lunges made at the surface. However, as
following the example in thetudy carried by Goldbogert al, (2008 we did not
consider them real lunges. It cannot be assumed that they are actual luriges as
increase in speed and the sudden drggpeed andcceleration could have been driven

by the force generated by the Wdavhen taking a breath and powerfully breaking the
surface (surfacing splashes) and therefore it did not have to be necessarily related to
feeding.To avoid false detectionthe detectionwas restricted toekpvertical foraging

lunges.

The rules for thdinal lunge detections included a combination of thresholds for depth,
speed and acceleratianeaning that a lunge is only detected when the three parameters
met the set up criteria at a given time. A threshold for depth at 5 m excluded those
potential @ases of false lunge at the surface so that only lutfygiswere ecorded
deeper than 5m were valid for the detector. A drop in vertical speed was computed by
using themaximum and minimum speed between the last five seconds before and the
first five secods after the lunge peak respectively. A low threshold for acceleration was
set in the detector to intercept the typical deceleration during jerks (for example
<0.36m/s? for whaleMn215 2014) {igure 195. Eventually, a minimum interval
between lunges (10 eends) was added because the large size of a humpback whale
would prevent them from lunging at this rate or higher. While minimum depth and
minimum time interval between lunges remained constant for all the whales, values for
speed and acceleration hadb® estimated for each whale independently. These values
were calculatedafter carrying out an exploratory analysis regarding the maximum,
minimum and average of vertical speed and acceleration in the whole tag duration and

considering the tasample ratedr each whale.
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Figure 15. Example of two lunges feeding detectitorsWhale Mn215 2014

The figure shows two deep upward lunggpel and typeZsection 4.4.1)The green

line corresponds to the vertical speed. The brown line indicates the vertical
acceleration and the blue line shows the depth profile. Green squares are lunges
manually detected, while green diamonds are lungegsstered by the detectolhe

rules used for detecting degprtical lunges in this whale are represented in the criteria
located in the right part of the figure. Accordit@the criteria, a lunge is automatically
registered only if: depth is below 5m, the delay between lunges is maréQrseconds

the drop in speed between 5 seconds before and 5 seconds aftexxiheum value is
higher than én/s and the vertical acceleration is lower thatm/s? (deceleration).

9 Breath detection

To identify breaths, the most reliable way was the vizatbn of the acoustic signal

via spectrogramsfigure 16§. When low flow noise was present, the blows were easily
audible in the recordings, although the quality of the sound differed among whales and
tag position on the back of the tagged whale. Incagth relatively high flow noise

and high whale speed, blows were easier to recognize by the loud surfacing splashes
generated by the tag when crashing the surface up and down at the same time that the

whale was surfacing.
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Figure 16. Example of acoustic signatures for two breaths in Adobe Audition 3.0.
The waveform is located at the top indicatimgve amplitude (smpl) in theaxis along
time in the xaxis. The bottom figure represents the spectrogram where frequencies (Hz)
are represented in the-gxis and time (seconds) in thexis. The gradient colo in the
spectrogram (from yellow to purple) indicates sound intensity from high to low sounds
respectively. Often the blows were clearly audible and aurally detected if fiee iso
relatively low. When breathing, most of the noise fell in the low frequencies but it can
reach higher frequency ranges (up to 226{X) especially when it is a powerful breath.

To help with the breath recognition, a simple breatbétector was biti by using the
depth data from the tag.

The automatic detector was programmed to id
deph was equal or smaller than thifrom the surface. In addition, a minimum time

interval between breaths was implementedradteally detecting breaths in the audio

recordings. While this minimum interval between breaths was adjusted for each whale,

being 10+ 4 seconds, the 0.1m depth threshold remadi constat for all the whales

(figure 17).
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