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Abstract 
Understanding orca (Orcinus orca) movement patterns in relation to prey is 

important for conservation management. In the North Atlantic, orcas are known to have a 
close relationship with herring, being regularly sighted feeding in coastal herring grounds. 
However, the distribution of orcas in offshore waters is less monitored and therefore poorly 
understood. This study investigated the acoustic presence of orcas across four regions of 
Iceland to gain knowledge on their seasonal distribution and population origin based on 
their calls. Six passive acoustic devices were deployed between 2018 and 2022, with four 
of which in offshore waters. Acoustic recordings were analysed to identify and categorise 
orca pulsed calls and these calls were compared with published catalogues from Iceland 
and Norway. The comprehensive comparison, based on 3,876 high-quality calls identified, 
revealed 760 matches to 29 call types attributed to the Icelandic orca population, providing 
evidence of orca presence at all monitoring sites. Most orca sounds were detected in the 
East and Northeast of Iceland during the summer months, suggesting individuals were 
possibly feeding on the Norwegian spring-spawning herring, which in recent years has 
returned to this area during the summer months. Herding calls were detected in the South 
during the winter months, suggesting orcas feed in the region throughout the year and not 
just in summer, as previously thought. Three calls identified in East Iceland in April were 
matched to the Norwegian call type catalogue, suggesting that Icelandic waters are visited 
by orcas from other populations. This study extends the known orca habitat in Iceland to 
all offshore regions monitored. While most individuals are likely to be a part of the 
Icelandic population, the detection of Norwegian call types suggests connectivity between 
Northeast Atlantic orca populations that requires further study.  

Útdráttur 
Að skilja hreyfimynstur háhyrninga (Orcinus orca) í tengslum við bráð er mikilvægt 

fyrir nátturuvernd. Í Norður-Atlantshafi er vitað að háhyrningar eru í nánum tengslum við 
síld, þar sem þeir sjást reglulega á veiðum á síldarstofninum við landsins. Hins vegar er 
minna fylgst með og verri skilningur á dreifingu háhyrninga á hafi úti. Í þessari rannsókn 
var könnuð tilvist háhyrninga á sex svæðum á Íslandsmiðum með því að nota 
hljóðgreiningu til að afla þekkingar á útbreiðslu þeirra. Hlutlaus hljóðupptökutæki voru 
notuð á árunum 2018 til 2022 á 5 stöðum víðs vegar um Ísland, flestir á hafi úti. 
Hljóðupptökur voru greindar til að bera kennsl á og flokka köll háhyrninganna og voru 
þessi köll svo borin saman við útgefnar hljóðskrár frá Íslandi og Noregi. Alhliða 
samanburðurinn, sem byggður var á 3.876 hágæða útköllum sem greindust, leiddi í ljós 
760 samsvaranir við 29 útkallstegundir sem kenndar eru við íslenska háhyrningastofninn, 
sem gefur vísbendingar um veru háhyrninga á öllum vöktunarstöðum. Flest 
háhyrningshljóð mældust á Austur- og Norðausturlandi yfir sumarmánuðina, sem bendir til 
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þess að einstaklingar hafi mögulega nærst á norsku vorgotssíldinni sem undanfarin ár hefur 
snúið aftur á þetta svæði yfir sumarmánuðina. Á Suðurlandi greindust hjarðköll yfir 
vetrarmánuðina, sem bendir til að háhyrningar sækja í fæði á svæðinu allt árið um kring en 
ekki bara á sumrin eins og áður var talið. Þrjú útköll sem passa við Norsku hljóðskrárnar 
voru auðkennd á Austurlandi í apríl, sem bendir til þess að íslenskt hafsvæði séu heimsótt 
af háhyrningum frá öðrum stofnum. Þessi rannsókn sýnir að háhyrningar eru til staðar á 
nokkrum úthafssvæðum Íslands, og þótt líklegt sé að margir séu hluti af íslenska 
stofninum, bendir uppgötvun Norskra kalltegunda til tengsla milli Norðaustur-Atlantshafs 
háhyrningastofna sem krefjast frekari rannsókna. 
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Playing hide and seek underwater: Evidence of orca 
(Orcinus orca) presence in offshore Icelandic waters 
through acoustic analysis and comparison  

1 Introduction 
With increasing evidence of the effects of anthropogenic activities on marine 

ecosystems (Todd et al., 2015; Luis et al., 2021), conservation research heavily relies on 
studying and monitoring the size, distribution, and movement patterns of cetacean 
populations. In order to develop appropriate management tools, understanding the 
population dynamics of cetaceans is essential. However, gathering data for all these aspects 
is often difficult due to obstacles such as remoteness, high costs, and labour-intensity 
(Marques et al., 2013).  

Given that light in the ocean is limited, rarely penetrating beyond 200 metres, 
cetaceans have traded off visual acuity and adapted to the production of sounds, used in 
numerous life-cycle activities including social interaction, tracking of prey, foraging, 
contact between mother and calf, group cohesion, and travelling (Ford & Ellis, 2014; 
Shamir et al., 2014; Todd et al., 2015; Danishevskayaa et al., 2018; Wellard et al., 2018; 
Selbmann et al., 2020; Wellard et al., 2020). The evolution of their sophisticated sound 
production allows these organisms to produce and hear underwater sound thousands of 
kilometres away from the original source, under the right propagation circumstances (Todd 
et al., 2015). In fact, when compared to other types of energy, acoustic propagation in 
water is the fastest, travelling six times faster than in air and reaching where light does not. 
Hence, studying cetacean vocalisations is relevant to understand further cetacean 
communication and its role in life history (Wellard, 2018). 

As a result, acoustic techniques can be used to monitor cetacean distribution, 
interactions, and population density. Cetaceans have adapted to life under water, meaning 
they only surface briefly to breathe (Mellinger et al., 2007). Thus, traditional survey 
methods based on visual observation can only detect a portion of present individuals, 
owing to the fact that they can only be observed when they come to the surface, and that 
these surveys can only be conducted during the daytime under favourable weather 
conditions. Given their narrow temporal and spatial scale, results from visual surveys can 
therefore be highly variable (Mellinger et al., 2007). Recent advancement in hydrophone 
technology using Passive Acoustic Monitoring (PAM), is becoming increasingly important 
to study acoustically active marine species which live in inaccessible environments 
(Matmuller et al., 2022). This is particularly true for marine habitats at high latitudes, were 
weather and sea conditions restrict research on marine life, especially for species with 
greater dispersion patterns such as cetaceans (Marquez et al., 2013; Au & Lammers, 2016; 
Poupard et al., 2020; Matmuller et al., 2022). 

Iceland is a perfect example where the use of PAM can be highly beneficial, given 
the limited possibilities for observational data due to its extreme weather conditions and 
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the darkness it is subject to over the winter months. Icelandic orcas (Orcinus orca) are the 
focus of this research as very little is known about their movement patterns across the 
country. Whilst whale watching operators and research facilities provide much information 
regarding their movements across the west and the south of the country, the eastern and 
northern regions remain unexplored since the late 1980s (e.g. Moore et al., 1988). In 
addition, research is limited by the extreme conditions Iceland is exposed to and can only 
be conducted over the summer months. This study thus aims to analyse data retrieved from 
PAM across different regions of Iceland to have a better understanding of the movement 
patterns of orcas.  

The next sections of the Introduction will review the use of PAM for cetacean 
research, followed by current knowledge of orca populations, focussing on the analysis of 
acoustic repertoires to classify calls for identifying populations. Then, information on 
Icelandic orcas and their movement patterns according to prey will be summarised. Finally, 
the identification of the current migration and stationary areas of the Atlantic herring, a 
common food source for orcas, will be reviewed to have a better picture of the predator-
prey relationship in the offshore waters around Iceland.  

1.1 Passive Acoustic Monitoring  

The two main acoustic surveying methods commonly used for the monitoring of 
cetaceans are fixed and mobile acoustic sensors, both forms of passive acoustic monitoring 
(PAM). Mobile hydrophones have the advantage of sampling large areas by being towed 
from a ship or affixed to mobile platforms, additionally allowing for the combination of 
acoustic detection with visual surveying. It is, however, restricted by high costs, need for 
experienced staff, presence of flow noise in recordings, as well as optimal light and 
weather conditions (Zimmer, 2014; Au & Lammers, 2016).  

The use of fixed or moored autonomous hydrophones provides a practical alternative 
to visual observation-based research, granting access to the collection of data year-round, 
regardless of weather or light conditions (Zimmer, 2014; Marques et al., 2013; Sousa-Lima 
et al., 2013; Au & Lammers, 2016; Wellard, 2018; Poupard et al., 2020). They can be 
defined as electronic devices which record and store acoustic data without the use of cables 
or radio links whilst fixed to a platform, and which do not require a person to run it. These 
devices can be deployed semi-permanently, usually being anchored to the sea floor, and 
must be retrieved for data access (Sousa-Lima, 2013). Cabled hydrophones that are 
permanently fixed to the seabed are increasingly common (e.g. Aniceto et al. 2022), but 
these 'non-autonomous’ recording systems are still relatively expensive to install and 
maintain. 

Studies using a wide variety of PAM hydrophones have been carried out on a vast 
selection of cetaceans, including, but not limited to, humpback whales (Megaptera 
novaeangliae) (Schall et al., 2020), fin whales (Balaenoptera pysalus) (Rice et al., 2021; 
Letsheleha et al., 2022), blue whales (Balaenoptera musculus) (Wiggins & Hildebrand, 
2016; Cade et al., 2021), sperm whales (Physeter macrocephalus) (Briner et al., 2021; Rice 
et al., 2021), long-finned pilot whales (Globicephala melas) (Au & Giorli, 2016), and orcas 
(Wellard, 2018; Myers et al., 2021; Rice et al., 2021).  

Quantitatively describing a species’ acoustic repertoire and potentially identifying 
sympatric ecotypes is critical for developing effective PAM (Wellard, 2018). Visual 
sightings are generally required in concurrence with acoustic recordings to describe the 
acoustic repertoire and understand the vocal behaviour of a species or ecotype. When 
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visual surveys are not possible, obtaining acoustic characteristics is still an important tool 
to monitor a population. In assessing orcas’ abundance and trends as well as defining their 
habitat use, PAM has the potential to be a powerful, non-lethal, non-invasive, and cost-
effective method (Wellard, 2018). 

1.1.1 Anatomy of PAM and considerations 

Autonomous PAM instruments are fixed to the seafloor, generally anchored to a 
heavy weight, and sometimes attached through a cable to a flotation, to buoy the 
hydrophone in the water column. Here, they record ambient sound at given intervals, 
which can be programmed before their deployment with an on-off sampling schedule 
(Marques et al., 2013; Au & Lammers, 2016). An intermittent recording schedule, referred 
to as duty cycle, is often used for long-term monitoring, to preserve battery power and 
space for data storage for as long as possible (Mellinger et al., 2007; Todd et al., 2015; Au 
& Lammers, 2016). 

The major differences in the various types of PAM equipment lie in the sampling 
rate, the amount of data that can be stored within a device, power usage, and hydrophone 
frequency range. They are often also custom built, depending on the ocean environment 
they are to be deployed. For instance, to withstand ocean environments for prolonged 
periods of time and high depths, recorders can be packaged in a robust aluminium case, 
wrapped in a flotation frame, with suited hydrophones for desired depths (Au & Lammers, 
2016; Loggerhead, 2022). This was the case for some of the recorders used in this study.  

When setting up a PAM system, it is important to take into consideration various 
factors depending on the species to be studied and the location where the recorder will be 
deployed (Mellinger et al., 2007). For the detection of organisms, these include sensitivity 
and dynamic range as well as frequency band. Duration is also important as recordings can 
either be continuous, but memory capacity will replete faster, or set to defined intervals 
(duty cycle) to ensure longer deployment periods (Zimmer, 2014; Mellinger et al., 2007). 
For the deployment location, factors such as durability and robustness of the device, 
maximum deployment duration and depth, as well as difficulty of recovery need to be 
considered (Marques et al., 2013).  

1.1.2  PAM analysis and sound classification 

Acoustic data recorded from underwater hydrophones is generally manually analysed 
using software such as Audacity® or Raven®. Typically, in the form of spectrograms, 
where the frequency content of a signal is computed by the Fourier transform, data are 
visually and aurally inspected to identify the sounds of targeted species (Zimmer, 2014; 
Todd et al., 2015). Although labour and time intensive, it is currently the most reliable 
method, especially for species that are not well known. Automated acoustic analysis can 
also be conducted which, under set parameters, can automatically detect specific sounds. 
Using detection algorithms, they detect and highlight targeted calls from any other sound 
within a given data file (Zimmer, 2014). Numerous factors should be considered such as a 
signal’s acoustic structure or sound variation within a given species. If detection 
parameters are not yet available for the targeted species, training the algorithm to detect the 
right sounds might require additional effort (Solsona-Berga et al., 2020). Although quicker 
and less costly, they are not perfect; whichever method used will produce a range of 
detections known as false positives, where no sounds are present, and false negatives, 
where sounds might be missed because of misclassification or simply not being detected. It 
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is important to quantify these parameters, especially if data are used for estimating acoustic 
occurrence or animal density (Marques et al., 2013). 

1.2 Ecology and behaviour of orcas  

Orcas (Orcinus orca), or killer whales, are the largest members of the family 
Delphinidae and have been observed in every ocean basin (Foote et al., 2016; Reeves et al., 
2017; Samarra et al., 2017a; Wellard et al., 2018; Jourdain et al., 2019) as well as in 
numerous semi-enclosed water bodies (Ford, 2009; Ford & Ellis, 2014). They are currently 
considered as one species whereby populations worldwide are categorised into ecotypes.  

Ecotypes are defined as groups of individuals displaying similar ecological 
adaptations regardless of genealogical relationship, typically designated based on 
ecological rather than phylogenetic criteria (Foote et al., 2019). If a great enough 
divergence in behaviour, physiology, and morphology is present, resulting in reproductive 
isolation, ecotypic variation may result in speciation (Ford & Ellis, 2014; Foote et al., 
2019; Matthews et al., 2021). Ecological speciation is reasonably common however, the 
fact that orcas display specialization that is largely based on social mechanisms is 
intriguing. This may imply that there were no physical barriers to gene flow (Morin et al., 
2010). From an evolutionary and demographic perspective, orcas are unique in that they 
are a single species that has evolved to occupy ecological niches in all the world's oceans 
(Ford & Ellis, 2014; Foote et al., 2019; Reeves et al., 2021). Comprising a mosaic of 
distinct populations that are ecologically specialised, they offer a unique opportunity to 
learn about the processes and outcomes of ecological specialisation and divergence in a 
highly gregarious and adaptable mammalian predator (Foote et al., 2009; De Bruyn et al., 
2012; Ford & Ellis, 2014). In addition, as many orca populations worldwide are being 
impacted by anthropogenic activities, understanding the role of ecological factors in 
shaping the species’ ecotypes is important to properly conserve and manage specific 
populations or ecotypes (Morin et al., 2010; De Bruyn et al., 2012). 

As of today, ten ecotypes have been identified, distinguishable by morphological, 
behavioural, dietary, and acoustic differences (Ford & Ellis, 2014; Foote et al., 2016). Each 
subpopulation has adapted to its surrounding environment, living off the resources present 
within it (Ford, 2009; Hoyt, 2019). It is possible that these ecotypes have evolved from 
founder groups which diverged as they occupied new ecological niches (Morin et al., 2010; 
Esteban et al., 2015; Reeves et al., 2021).  

Although orcas are extensively studied and their estimated population is only around 
50,000 individuals (Ford & Ellis, 2014; Reeves et al., 2017; Jourdain et al., 2019), their 
global distribution and lack of baseline data has impeded census analyses (Wellard et al., 
2018). Therefore, they are listed as Data Deficient (DD) by the International Union for 
Conservation of Nature (IUCN) Red List (Reeves et al., 2017; Jourdain et al., 2019). Given 
that orcas occupy the top of the trophic pyramid and have no predators (apart from 
humans), this listing is alarming because of the important role they play in sustaining 
certain marine ecosystems. With a diverse range of prey items of over 140 species (Ford, 
2009), most local populations tend to have diets that are remarkably specialised (Ford and 
Ellis, 2014; Cosentino, 2015; Tavares et al., 2018; Wellard et al., 2020; Matthews et al., 
2021; Reeves et al., 2021). The role of orcas as top-down regulators of prey abundance 
makes it essential to understand the ecosystem’s dynamics of which they are part. 
Understanding orcas’ distribution, as well as environmental and behavioural factors that 
drive their movements in relation to prey in a specific region, is necessary for the effective 
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management and conservation of predator and prey populations (Simon et al., 2006; 
Samarra et al., 2017a; Samarra et al., 2018). For instance, in the North Atlantic waters 
around Iceland, between Iceland and Norway, and between Iceland and Greenland, orcas 
have a close relationship with the Atlantic herring (Clupea harengus), and regularly feed in 
known herring grounds (Foote et al., 2011; Matthews et al., 2021). As herring stocks 
sometimes undergo severe geographic distributional changes, this can make it an 
unpredictable prey resource for orcas (See section 1.2.3 for more information). 

Orcas produce acoustic signals to navigate, communicate, and predate as vision and 
other sensory modalities have limited speed and range of transmission (Emmons et al., 
2021). Sounds travel more efficiently underwater than in any other media, and the 
production of acoustic signals has evolved to be their most useful channel for 
communication (Wellard et al., 2018). The variety of sounds orcas produce reflect the 
valuable role such sounds play in their ecology and social life. In addition, if detected, such 
signals can be proof of orcas’ presence in waters where they are not often observed (Yurk 
et al., 2010; Emmons et al., 2021).  

1.2.1 Vocalisations and classification for population 
identification 

Since the late 1970s, studies on underwater sound production and vocal behaviour of 
orcas have identified a mix of call types that are both unique and/or shared, which 
demonstrate an extensive vocal culture based on stereotyped calls known as dialects (Ford, 
1987; Strager, 1995; Yurk et al., 2010; Shamir et al., 2014). Data gathered through acoustic 
monitoring and detailed descriptions of sound characteristics can be analysed to identify 
specific populations to potentially uncover distinct acoustic repertoires of orcas. This in 
turn would allow to individualise geographic variations of populations that do not mix 
(Yurk et al., 2010; Wellard et al., 2018).  

Orcas, like most odontocetes, produce a variety of sounds, and they are generally 
categorised into three types: clicks, whistles, and burst-pulse sounds. Clicks are mainly 
used for echolocation, are short in duration (< 250 µs), typically emitted in trains, have a 
frequency range of 10 kHz – 100 kHz, and are observed when whales are foraging (Ford, 
1989). Whistles are frequency-modulated tonal sounds with a simple harmonic structure, 
observed primarily when whales are socialising. The frequency of whistles ranges between 
1 kHz to 75 kHz (Samarra et al., 2010). Burst-pulse sounds, or pulsed calls, are the most 
common sound produced by orcas and are used for behavioural coordination and group 
recognition due to their high pulse-repetition rates which produce tonal sounds rich in 
harmonic structure (Ford, 1989; Samarra et al., 2016; Selbmann, 2020). Pulsed calls are 
further subdivided into discrete and stereotyped. Repertoires of discrete calls can be 
distinguished audibly and visually on a spectrogram, allowing to differentiate between 
populations.  

The degree of similarity in call structure reflects relatedness within populations, but 
not between allopatric populations (Ford, 1991; Filatova et al., 2015; Danishevskaya et al., 
2018; Myers et al., 2021). Studies of vocal behaviours of different populations revealed a 
mix of shared and unique call types, documenting a vocal culture that exhibits dialect 
distinction (Ford, 1991; Filatova et al., 2015; Wellard, 2018; Riera et al., 2019). Being 
stable through time, production of sounds pertaining to a specific dialect suggest learned 
behaviour. This is evidenced by the fact that new-borns learn the same repertoire as their 
mothers (Ford, 1991; Wellard, 2018). In some cases, communities are known to share 
whistle types but different call repertoires, possibly providing whales with a 
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communication tool to recognize each other on a community level, facilitating association 
and affiliation of different clan members who would otherwise use different calls (Riesch 
et al., 2006; Shamir et al., 2014; Filatova et al., 2020).  
 

1.2.2 Orca populations in the North Atlantic 

The geographic area defined as the North Atlantic stretches north to the Eastern 
Canadian Arctic in the west and to Svalbard in the east, and south to the Caribbean in the 
west and the Strait of Gibraltar in the east. Throughout the North Atlantic, orcas are 
observed year-round along the entire nearshore and offshore Norwegian coast (Jourdain et 
al., 2019), sometimes visiting as far as Svalbard’s ice edge (Storrie et al., 2018; Jourdain et 
al., 2019). They continuously occur throughout the year in Scotland, Shetland, and British 
Isles, and are seen during the summer months in offshore areas around the Faroe Islands, 
where they are thought to interact with aggregations of Atlantic herring (Jourdain et al., 
2019). Orcas additionally occur throughout all the inhabited areas of Greenland (Lennert & 
Richard, 2017) and, to the west, observations have increased in the past decades during the 
summer months in areas around Labrador, Newfoundland, and Nova Scotia (Jourdain et 
al., 2019). At latitudes below 35°N, published research is scarce although a small 
population is known to congregate along the Strait of Gibraltar (Esteban et al., 2015) and 
an even smaller population is sporadically observed around the Canary Islands (Foote et 
al., 2011). 

The genetic study by Foote et al. (2011) highlights the presence of three spatially 
overlapping, significantly differentiated populations in the Northeast Atlantic. Individuals 
feeding on herring from the Norwegian, Icelandic, and North Sea herring stocks make 
population A. Individuals sampled from the North Sea to the West Coast of Iceland, 
appearing to be spatially associated with the Northeast Atlantic mackerel stock distribution 
form population B. Population C comprises of individuals from the Strait of Gibraltar, 
known to feed on tuna, and from the Canary Islands. Based on prey movement there is 
high potential for connection between populations A and B, and B and C however, 
populations A and C show larger genetic separation as they are allopatric (Foote et al., 
2011).  

The ecological diversity of orcas in the North Atlantic was classified into two 
ecotypes, based on relatively limited data (Foote et al., 2009). The two suggested ecotypes 
are the generalist, Type 1, and the specialist, Type 2, ecotypes and were based on stable 
isotope ratios, morphological traits, and analyses of tooth wear from stranded specimen 
(Foote et al., 2009). Evidence from recent research, demonstrating orcas’ changing diet in 
Norway and Iceland (e.g., Jourdain et al., 2017; Samarra et al., 2017b; Samarra et al., 
2018) and changes in feeding behaviour in the Northwest Atlantic (e.g., Borque et al., 
2018), may suggest further differentiation in more ecotypes (Jourdain et al., 2019). 
However, recently, Foote (2022) suggested not using the terms Type 1 and Type 2 until 
further research is undertaken. This is due to the difficulty in defining ecotypes in the 
North Atlantic, given the limited data for specific populations. Fully understanding the 
biology of populations across the North Atlantic ultimately depends on finding ways to 
study these elusive orca populations from which the Type 2 specimens were derived.  



21 

1.2.3 Social structure and movements of Icelandic orcas 

Orcas’ social complex is typically characterised by hierarchically structured units 
where individuals develop strong philopatric bonds from birth (Bigg et al., 1990; De Bruyn 
et al., 2012; Ford & Ellis, 2014; Shamir et al., 2014; Esteban et al., 2015; Tavares et al., 
2017). The acquisition of social bonds at the natal stage are the source of behavioural unity 
within a group as well as the base of behavioural and social variation between groups. It is 
therefore likely that an individual’s phenotype is continuously shaped by the behavioural 
plasticity of the group it belongs to (Foote et al., 2009; Esteban et al., 2015; Foote et al., 
2016; Jourdain et al., 2019).  

Like other delphinids, orcas are group-living and highly social mammals. The social 
structure varies considerably between populations, where the differences are determined by 
their ecological specialisations (Ford & Ellis, 2014). In the Northeast Atlantic, orcas are 
known to display similar variations in feeding behaviour to orcas of the Northeast Pacific; 
however, ecotype delineation is not as clear (Jourdain et al., 2017). Tavares et al. (2017) 
looked at population sociality and found low levels of association between clusters of 
Northeast Atlantic orcas, where the clear matrilineal units seen in Pacific orcas were 
absent. Nonetheless, cluster differences in complexity were present, some showing 
coherent association between members. Their results suggest that Icelandic orcas display a 
multilevel society that has some, but not very clear, hierarchical structure of social units, 
evidencing non-random association (Tavares et al., 2017). They additionally argue that 
ecology plays a crucial role in influencing the sociality of herring eating orcas. Studies 
reveal that unlike the typical closed social structures in other parts of the world, North 
Atlantic orcas may benefit from a more fluid and dynamic social structure where larger 
concentrations of individuals can positively affect hunting efficiency when specialising on 
schooling prey like herring, thus shaping the behaviour and social structure of the orca 
population (Samarra et al., 2017a; Tavares et al., 2017).  

As apex predators, orcas exhibit a variety of feeding techniques, often reflecting 
adaptations to prey behaviour and environmental diversity (Vogel et al., 2021). Observing 
year-round predator-prey interactions is particularly challenging, making the extent of 
feeding behaviour plasticity unclear (Samarra & Miller, 2015 and references within).  
Fishing and observer reports, as well as other studies (e.g., Sigurjónsson et al., 1988; 
Víkingsson, 2004; Simon et al., 2006; Samarra et al., 2017a; Selbmann, 2019), indicate 
that orcas frequently occur in Icelandic coastal waters where targeted fish are present. 
However, there is a large knowledge gap on their movement patterns and foraging ecology 
(Samarra et al., 2017a).  

Orcas in the Norwegian Sea and Icelandic and Norwegian waters are associated with 
the Norwegian spring-spawning herring (NSSH) as well as with the Icelandic summer-
spawning herring (ISSH). Both in Iceland and Norway some groups of orcas follow the 
seasonal migrations of either herring stock, which has been confirmed by individuals that 
were re-sighted through photo identification in both wintering and spawning herring 
grounds (Samarra & Miller, 2015; Samarra et al., 2017a; Jourdain et al., 2019). According 
to Foote et al. (2010), Norwegian orcas follow the NSSH year-round; but little information 
is given about their presence in Icelandic waters during the herring feeding period. In 
Iceland, research on orca population dynamics and structure, movement patterns, and 
foraging ecology has focussed on the ISSH grounds, and thus little is known about their 
relationship with the NSSH (Samarra et al., 2017a). Since the reappearance of NSSH in the 
east and north of Iceland (Óskarsson, 2018; Jourdain et al., 2019; IESNS, 2020), orcas 
were observed during a NSSH survey in the waters between Iceland and Norway, but their 
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abundance was not reported (IESNS, 2020). Foote and colleagues (2010) did not detect 
movements between Iceland and Norway based on photographic evidence, suggesting 
these populations were segregated prior to 2010. However, given recent changes in the 
migration patterns of NSSH, it is possible Norwegian orcas now visit Icelandic coastal 
waters. Understanding the migration patterns of the NSSH and ISSH, is crucial to having a 
complete understanding of the distribution orcas might have in the North Atlantic.   

Because Atlantic herring undergoes large geographical and abundance fluctuations 
(see section 1.3, below), the Icelandic orca population does not appear to be specialised to 
a single prey (Samarra et al., 2018). At least thirteen prey species other than herring, 
including marine mammals, birds, fish, and cephalopods, may be part of the diet of 
Icelandic orcas, but predation pressure on these species is currently unknown (Samarra et 
al., 2018). Some orcas have been observed changing their diet depending on availability. 
Samarra et al. (2017a), for instance, discovered that some individuals seasonally migrate 
between Iceland, where they mainly feed on herring, and Scotland, where they exhibit a 
prey range at higher trophic levels. Repeated observations of individuals moving between 
Icelandic and Scottish waters suggest a consistent pattern in site fidelity. This behaviour is 
reflected in the small number of strong social associations between herring-eating orcas 
within the Icelandic population (Tavares et al., 2017). Prey switching has also been 
observed in Norway, suggesting that orcas in the North Atlantic may adopt a strategy 
targeting whatever prey source is most abundant in a specific period or location (Samarra 
& Foote, 2015).  

Samarra et al. (2017a) conducted a photo identification study over a seven-year 
timespan (2008-2015) to understand orca fidelity towards ISSH. They included photos 
taken of sightings occurring in east Iceland between 1980 and 1990, when ISSH 
overwintered here, as well as sightings in the south and west of Iceland, where ISSH is 
found in present-day overwintering and spawning grounds. Their results suggest high site 
fidelity in specific herring aggregation grounds; however, orcas did not necessarily follow 
the herring between their wintering and spawning grounds. Considering the high 
fluctuations in herring availability and distribution it is possible that orcas in Icelandic 
coastal waters may not specialise on one single herring group but may change between 
groups depending on abundance (Samarra et al., 2017a). In fact, only 45% of the 
individuals photographed showed high fidelity in both ISSH spawning and overwintering 
grounds. For the remaining 55%, information on their movement patterns is insufficient to 
draw conclusions, although some are known to travel to Scotland. It is possible these orcas 
belong to offshore populations that occasionally travel the study areas in Iceland. Although 
a survey conducted in the 1990s suggests the presence of numerous orcas offshore 
(Gunnlaugsson and Sigurjónsson, 1990), there is no information regarding population 
identity (Samarra et al., 2017a).  

Previous comparisons of photo-ID catalogues yielded no matches between Iceland 
and Norway (Foote et al., 2010). But with advancement in the development and sharing of 
photo-ID catalogues new matches are starting to emerge. Not only have Icelandic orcas 
been regularly observed in Scotland, but in 2019 four orcas sighted in the Mediterranean 
were matched to Icelandic orcas (Mrusczok et al., 2021). These orcas undertook one of the 
longest migration routes recorded to date, travelling 5,200 km (Mrusczok et al., 2021). 
Furthermore, in the summer of 2022 two orcas that have been sighted multiple times in 
Iceland were found off the coast of central Norway through photo-identification (Icelandic 
Orca Project, unpublished data; Orca Guardians, 2022, 
www.Facebook.com/orcaguardians/). All these matches suggest that orcas observed in 
Iceland may roam far across the North Atlantic.  
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In-depth research on group-specific call repertoires has not been done in the 
Northeast Atlantic. Because Icelandic orcas exhibit a fluid, multilevel society, it is difficult 
to research whether they display repertoires that are group specific. While their calls do not 
seem to be specific to certain behaviours, the recurrence and prevalence of certain calls 
may be linked to social or feeding contexts (Ford, 1989). Selbmann et al. (in review) 
recently discovered that Icelandic orcas display a complex pattern of repertoire diversity 
across regions. Their results indicate that distinct acoustic repertoires exist between 
regions, possibly suggesting some degree of difference in call repertoires among Icelandic 
groups. A comparison of call repertoires, using existing acoustic data, can help estimate 
population movements across regions.  

The few matches found when the Icelandic call repertoire was compared to that from 
Norway and Scotland indicate divergence (Selbmann et al., 2020). At the same time, the 
general structure, frequency parameters, and call duration were similar. Icelandic and 
Norwegian orcas have similar acoustic behaviour, characterised by high echolocation rates 
when feeding but are rather silent when travelling (Samarra & Miller, 2015; Selbmann et 
al., 2020). Presently, the limited number of recordings of orca calls from some regions 
impedes further repertoire comparisons of North Atlantic populations (Selbmann et al., 
2020). 

1.3 Migratory patterns in the Atlantic herring 

Numerous fish stocks are subject to seasonal migrations between their spawning, 
feeding and overwintering grounds (Jackobsson & Ostvedt, 1999; Sissener & Bjorndal, 
2005; Óskarsson et al., 2009). The Atlantic herring is the largest fish stock of the North 
Atlantic (Dragesund et al., 1997; Sissener & Bjorndal, 2005) and undertakes such 
seasonal migrations. It comprises over 30 populations within the North Atlantic Ocean, 
each classified depending on their spawning location and timing, which differ possibly as 
an adaptation to matching the presence of food sources with emerging larvae (Óskarsson 
& Taggart, 2009). This includes the Norwegian spring spawning (NSSH), the Icelandic 
spring (ISPSH), and the Icelandic summer spawners (ISSH; Dragesund et al., 1997; 
Krovnin & Rodionov, 2009). Their usual migratory pattern is subdivided into four phases: 
spawning, nursery, feeding and wintering. The time frame for this pattern varies both 
within and between stocks (Óskarsson & Taggart, 2009). Studies have shown that 
geographic overlapping is present during the non-spawning period between the 
Norwegian and Icelandic spring spawners, and between the Icelandic spring and summer 
spawners, which tend to mix in the same areas (Dragesund et al., 1997; Jackobsson & 
Ostvedt, 1999; Sissener & Bjorndal, 2005). The three stocks show stable migratory 
patterns throughout the years, but they do change geographically every so often, which 
may occur when a year class appears to be lacking the knowledge or guidance of older 
year classes, sometimes absent possibly due to environmental changes and variables 
related to stocks or fishing (Óskarsson et al., 2009; Óskarsson et al., 2018). In fact, rapid 
advances in fishing technology caused the three stocks to collapse to near extinction in 
the mid-1960s. 

Adult NSSH are usually fished along the Norwegian west coast and Icelandic east 
offshore waters, during their feeding period. Thirty years of forced restrictions allowed 
the stock to recover by the end of the 1990s and whilst fishing is allowed again, 
regulations now apply (Dragesund et al., 1997; Jackobsson & Ostvedt, 1999; Sissener & 
Bjorndal, 2005; Garcia et al., 2021). Prior to its collapse, the NSSH was known to feed 
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between the Norwegian Sea and the borders of the East Icelandic Current, and winter in 
areas off the east of Iceland (Sissener & Bjorndal, 2005). While their migratory patterns 
have remained unchanged, their geographic locations show drastic fluctuations over time, 
in the years following the collapse (Óskarsson, 2018). Error! Reference source not 
found.After the forced fishing restrictions, signs of recovery in the late 1990s were 
apparent (Sissener & Bjorndal, 2005), suggesting possible returns of the stock to its 
original migratory routes. Given its high economic importance as a fishery, since 2004 the 
International Ecosystem Service in Nordic Sea (IESNS), established an annual integrated 
ecosystem survey with the purpose to cover the overall area of distribution of the NSSH. 
The latest IESNS publication in 2020, shows an almost complete recovery of the stock’s 
migratory routes prior to the collapse (Figure 1.1; IESNS, 2020).  

 

 
 

Figure 1.1 Norwegian spring-spawning herring distribution in the North Atlantic as 
measured during the IESNS survey in May-June 2020 in terms of NASC (Nautical area 
scattering coefficient) values (m2 /nm2). From IESNS (2020). 

ISSH also underwent a wide range of changes in spatial distribution and migration 
patterns. For instance, in the period coinciding with the stock’s collapse, populations 
moved their overwintering grounds from offshore waters in southwest Iceland to shallower 
waters off the southeast coast. Since its immediate recovery in the late 1970s, the stock’s 
migration and distribution has changed occasionally (ICES, 2008). ISSH overwinters 
between October and March in the fjords west and east of Iceland, as well as in regions 
along the south coast. Generally, they congregate in overwintering grounds between 3 to 9 
years before changing their migratory patterns; the reason for these changes is yet 
unknown (Óskarsson et al., 2009; Óskarsson et al., 2018). Spawning occurs between July 
and August in several locations along the coasts between Snæfellsnes and Stokksnes, after 
which adult individuals disperse between the west and east coasts to feed. They congregate 
again into large schools around October, returning to the overwintering grounds 
(Jakobsson & Stefánsson, 1999; Óskarsson & Taggart, 2009; Óskarsson et al., 2009).  

Unlike ISSH and NSSH, ISPSH did not recover and given the fifty-year period since 
its collapse, chances are slim it will (Óskarsson, 2018). ISPSH was thought to spawn in the 
same coastal regions south and southwest of Iceland as ISSH, during two different time 
periods, between March and April (Jakobsson & Stefánsson, 1999), and sharing feeding 
and overwintering grounds in the southern and western regions of Iceland (Jakobsson, 
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1980). To the north and east ISPSH shared feeding grounds with the NSSH (Jakobsson, 
1980). No distinguishable physiological features exist between ISPSH and NSSH and no 
effort has been made to separate the catch samples since the stocks collapsed (Óskarsson, 
2018). As ISPSH and NSSH stocks are assumed to be closely related, it has been suggested 
that ISPSH recovery is dependent on the recovery of the NSSH (Jakobsson, 1980). In fact, 
the reappearance of NSSH in Icelandic waters in 2004 coincided with a slight recovery of 
ISPSH. Nonetheless, the stock is far from recovered, raising questions regarding its future 
(Óskarsson, 2018). 

1.4 Aims  

The goal of this study is to investigate whether orcas are present across inshore and 
offshore Icelandic waters, in regions or seasons where there is no visual observation effort 
by whale-watching operators or marine researchers. It aims to do so through the acoustic 
analysis of recordings retrieved from moored hydrophones in the East, Northeast, West, 
and South of the country. The following questions will be addressed through visual and 
aural analysis of acoustic data gathered between 2018 and 2021: 

1) Are pulsed calls of orcas present in the recordings from different inshore (Northeast and 
South) and offshore locations (Northeast, East, and West) in Iceland? 

2) Based on a comparison with the known repertoires of the Icelandic and Norwegian orca 
populations, what is the provenance of these pulsed calls for each region?
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2 Methods 

2.1 Data collection 

 
Acoustic recordings were collected at five different locations around Iceland: one in 

the East (64° 31'59.6"N 9°02'44.5"W), two in the Northeast (offshore: 67°09'33.66"N 
13°22'48.36"W; inshore: 66°06'51.4"N 15°00'14.8"W), two in the West, from now on 
referred to as West1 (65° 20'40''N 26°55'52.5''W) and West2 (64° 31'36.7''N 
26°43'51.4''W), and one in the South (63°21'38"N  20°27'12.66"W; Figure 2.1). The 
location in the South is in the Vestmanneyjar archipelago, a known herring spawning 
ground with regular orca occurrence. The offshore waters off the east of Iceland are in the 
general area of fishing effort by the Icelandic fleet on NSSH between June and November 
(see MFRI, 2021). The location in the offshore Northeast coincides with orca opportunistic 
observations in late September/October and with the expected distribution of the NSSH. 
 

 
One data set was collected per location except for East where two data sets were 

collected (Table 1). For the Offshore Northeast and East data sets, the recording equipment 
used was the HTI-96-Min hydrophone (High Tech Inc, Long Beach, MS; clipping 
level:168dB re 1 μPa; flat frequency response up to 30kHz; 2dE gain). Data were recorded 
using underwater hydrophone moorings consisting of (from bottom to top): an anchor 
weight of ~120kg (weight in water) of used steel; 10m of jacketed steel cable; iXSea 

Figure 2.1 Locations of moored hydrophone devices around Iceland for 
which data was analysed 
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Oceano 2500S (iXblue, FR) acoustic release; a benthos glass sphere float with 25kg 
buoyancy; 50m of dyneema rope (10mm diameter) with acoustic recorder attached at 25m; 
and another two floats (same type as above).  

The subsurface mooring of the Inshore Northeast deployment was composed of a 
concrete anchor weight of ~50kg, two buoys of hard plastic, ~10m of plastic rope with the 
acoustic recorder and Sonardyne Lightweight Release Transponder (LRT) acoustic release 
system (Sonardyne, UK) attached at 3metres from the anchor. The clipping level and 
frequency response are not known.  

For the two West deployments, the underwater mooring consisted of an anchor 
weighting 200kg, five trawl floats for a total of 16kg above the sound trap, and three trawl 
floats for a total of 10kg above the acoustic release. An EdgeTech Port-LF acoustic release 
system from (EdgeTech. FL, USA) was employed for the recovery of the hydrophones. 
The clipping level and frequency response are unknown for these two deployments. 

In the Vestmannaeyjar archipelago, for the South deployment, the underwater 
hydrophone mooring (clipping level: 172.4 dB re 1 μPa; high gain setting; frequency 
response 150kHz, ±3 dB) consisted of: an anchor, totalling approximately 60kg (weight in 
water) of used steel; LRT acoustic release system; three hydrodynamic trawler floats 
(24cm diameter), each having 4.9kg of buoyancy and made of titanium 24/20; about 9m of 
dyneema rope (10mm diameter) with about 2.5m  between the weight and the releaser, and 
6.5m from the releaser to the top float.  

The East and Offshore Northeast moorings were deployed during surveys from the 
Marine and Freshwater Research Institute (MFRI, Hafrannsóknastofnun) at the following 
two offshore locations: in Northeast Iceland (MFRI sampling station Langanes NE3) from 
the 7th of November 2020 to the 14th of August 2021 at a depth of 1,509 metres; and in 
East Iceland (near MFRI sampling station Krossanes 6) from the 1st of March to the 15th of 
August 2020 and 2021 at an overall depth of 2,570 metres.  

The Inshore Northeast deployment was moored at a depth of 52.8 metres between the 
16th of August 2021 and the 16th of August 2022. This mooring was deployed by the 
WhaleWise charity, a collaborative research group involved in marine conservation. 

For the two deployments in the West, the hydrophone for West1 was moored at a 
depth of 280 metres and the West2 mooring was deployed at 250 metres. The hydrophone 
moorings were deployed by the Húsavík Research Centre of the University of Iceland, 
between the 9th of October 2020 and the 12th of October 2021.  

In the South, near the island of Hellisey, the recorder was moored at a water depth of 
91 metres. This mooring was deployed by the University of Iceland’s Vestmannaeyjar 
Research Centre between the 22nd of August 2018 and the 10th of May 2019.  

Recordings in each location were conducted with different types of hydrophones and 
settings, as detailed in Table 1. 
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Table 1 Summary of recording equipment used, their setting (duty cycle and sample rate) 
and deployment for each location studied. Dataset ID consists of the deployment location 
and period. 

Data set Start date End date Deployment 
duration 
(no. of 
days) 

Recording equipment Duty 
cycle 

(minutes) 

Sampling 
rate 

(kHz) 

East 2020 01.03.20 15.08.20 168 DSG-ST (Loggerhead, 
Instruments, Sarasota, 

FL) 

5 on, 10 
off 

96 

East 2021 01.03.20 15.08.21 168 LS1X-AL 
(Loggerhead, 

Instruments, Sarasota, 
FL) 

5 on, 10 
off 

96 

Offshore 
Northeast 
2020/21 

7.11.20 14.08.21 261 DSG-ST (Loggerhead, 
Instruments, Sarasota, 

FL) 

5 on, 10 
off 

96 

Inshore 
Northeast 
2021/2022 

16.08.21 16.08.22 365 SoundTrap ST600HF 
(Ocean Instruments, 

NZ) 

4 on, 26 
off 

128 

West1 
2020/21 

09.10.20 12.10.21 368 SoundTrap ST500 
(Ocean Instruments, 

NZ) 

30 on, 60 
off 

192 

West2 
2020/21 

09.10.20 12.10.21 368 SoundTrap ST500 
(Ocean Instruments, 

NZ) 

30 on, 60 
off 

144 
 

South 
2018/19 

22.08.18 10.05.19 261 SoundTrap 300HF 
(Ocean Instruments, 

NZ) 

2.5 on, 
12.5 off 

96 

 

2.2 Data analysis 

Given the long-term nature of the datasets, an automatic detector-and-classifier 
algorithm (hereafter referred to as the ‘detector’) developed by JASCO Applied Science 
(Canada) was applied to all the acoustic recordings through MATLAB (version R2021B; 
The MathWorks Inc, Natick, Massachusetts). This algorithm was previously used to detect 
orca calls in a different recording from the Vestmannaeyjar archipelago, but had not been 
used for the East, Northeast, and West locations. All detections were visually and aurally 
inspected using spectrograms in Raven Pro (version 1.6.3; Cornell Lab of Ornithology, 
2022), and each detection was manually categorised as either ‘true positive’ or ‘false 
positive’ (i.e. classified as being an orca call or not). A FFT window size of 4,096 (3dB 
filter bandwidth of 8.32Hz) at sampling rate of 96kHz was used to generate the 
spectrograms for the Offshore Northeast and East data; a FFT window size of 2,048 (3dB 
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filter bandwidth of 8.32Hz) at 48kHz sampling rate was used for the spectrograms of the 
South and West data sets.  

The performance of the automatic detector (thus including the calculation of false 
negatives, or misses) was assessed by manual annotation of a subset of data equivalent to 
5% of the East 2020 and 5% of the East 2021 data sets. The manual assessment was only 
done on these two subsets due to limited time. To increase chances of finding orca 
vocalisations, the samples were taken between the 1st of June and the 15th of August, when 
NSSH is most abundant in the region according to IESNS (2020). The selection of the days 
to analyse within this time period was generated with a random number generator in R and 
resulted in a total of 72 hours of data over 9 days to manually process for each of the two 
datasets (144 hours over 18 days for both datasets combined). The manual detections were 
compared to the detector’s results to assess detector performance and by checking the 
confidence level of the detections. The detector provides a confidence level for each 
detection, which can be used to set a confidence threshold to select which detections to 
use. In this case however, all detections were checked regardless of confidence level.  

To have an understanding of their seasonality, the acoustic occurrence of orcas was 
compared across four seasons, which were defined following the migration pattern of the 
Atlantic herring: spring (March to May) and summer (June to August) are associated with 
spawning of the ISSH and ISPH and feeding of the NSSH, whereas autumn (September to 
November) and winter (December to February) are associated with feeding of the ISSH 
and ISPH and overwintering of all three stocks. 

2.2.1 Measurements 

Consisting of rapid repetitions of broadband pulses, orca calls appear in the spectrogram 
with continuous frequency-modulated contours and numerous harmonics (Selbmann et al., 
2019; Selbmann et al., 2020; Wellard, 2020). Through aural inspections and visual 
examination of spectrograms in Raven Pro, automatic detections classified as pulsed calls 
from orcas were further categorised into discrete call groups based on structural 
characteristics (Ford, 1987; Strager, 1995). The quality of each call was assessed and given 
a score from 1 (poor) to 3 (high) based on the clarity (i.e. perceived signal-to-noise level of 
the fundamental and harmonics) of the call; and thereafter the call was classified into call 
type categories. 

Calls were classified into distinct groups based on differences in their structure and 
complexity. Calls were categorised as ‘upsweep’ and ‘downsweep’ calls, corresponding to 
a difference of ±>0.5 kHz between the mean start and end frequency. When this difference 
between the start and end frequency could not be calculated or where it was smaller than 
0.5kHz, calls were classified as ‘others’. Calls were first classified by the author and, what 
was selected, was cross validated by Anna Selbmann and Dr. Filipa Samarra. 

The identified orca calls were compared with the Icelandic catalogue published by 
Selbmann et al. (2019); and the Norwegian catalogues by van Opzeeland et al. (2005), 
Shapiro (2008), and Selbmann (2019). Using a custom MATLAB code, spectrogram 
sections of the selected calls were extracted to ease comparison with the catalogues. The 
software Photo Mechanic® (version 5; Camera Bits, 2020) was then used to facilitate 
comparisons with the catalogues. Visual and aural analysis was used to compare each call 
type and subtype from every location with the published catalogues. Calls were first 
compared to the call types in the Icelandic catalogue and then to those in the Norwegian 
catalogues. 
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 A match was characterized by strong resemblance in the spectrogram representation 
of the call, with very high similarity in frequency contour shape, and by similar aural 
features. Calls were classified as possible matches where a certain degree of similarity was 
present but not a complete match. Because variability is present within individual call 
types, all available examples in the catalogues were used for comparison. Where possible, 
matches of spectrograms with annexed sounds were identified for each location. Where the 
match was not certain the sounds were categorised as possible matches, and if no match 
was found the file was categorised as unknown.  

Following Selbmann et al. (2020), individual orca calls were measured using a set of 
parameters if the quality of the sounds was high enough. For each matched call type all 
matched sounds where quality allowed were measured. Measurements on duration; start 
and end; minimum, mid, and maximum frequency; and their standard deviation were 
taken. In most cases only some of these measurements were attainable, as only clearly 
visible parameters were extracted. These measurements were taken with a customised 
MATLAB routine. Where measurements were possible to make, the overall results for 
each matched call were reported as: 

 
Mean ± Standard Deviation (Min-Max) 
 
Where the start, end, minimum and maximum were in kHz, while duration was 

interpreted in seconds.   
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3 Results 
The total duration of analysed data varied between 86 hours, for Offshore Northeast, 

to 1,245 hours, for West2 (Table 2). Most recording hours came from the two West 
locations followed by Inshore Northeast, where the hydrophone moorings recorded over a 
period of approximately one year. The highest number of unconfirmed detections, 
however, came from the East 2020 dataset. All locations had confirmed orca calls, with the 
East 2021 and Offshore Northeast datasets having the highest numbers of confirmed 
detections (n=2,206 and n=1,448, respectively) and the Inshore Northeast dataset having 
the fewest confirmed detections of orca calls (n=2; Table 2).  

 
Table 2 Summary of the analysed data, including number of recordings (i.e. audio files) 
with unconfirmed detections of orca calls and numbers of unconfirmed and confirmed 
detections of orca calls. True positive (TP) refers to the percentage of unconfirmed 
detections that were manually confirmed to be detections of orca calls. False positive (FP) 
refers to the percentage of unconfirmed detections that were manually confirmed to be 
detections from non-biological sources, other species, or unknown species.  

 
 
 
 

 
 

Data set # 
Recordings 

with 
detections 

# Hours 
analysed 

by 
detector 

# 
Unconfirmed 

detections 

# 
Confirmed 
detections 

(TP) 

FP - non-
biological 

FP – 
other 

species 

FP - 
unknown 

species 

East 2020 3,493 291 72,211 437 (0.61%) 38.7% 16.2% 44.5% 

East 2021 2,601 217 59,405 2,206 
(3.71%) 29.9% 16.7% 49.6% 

Offshore 
Northeast  

1,033 86 11,238 1,448 
(12.9%) 32.0% 17.7% 33.0% 

Inshore 
Northeast 

6,971 465 52,714 2 (0.00%) 95.2% 1.43% 3.3% 

West1  1,207 604 33,085 505 (1.53%) 30.2% 35.9% 32.3% 

West2  2,489 1,245 70,510 512 (0.72%) 68.8% 14.8% 15.3% 

South  2,785 116 20,914 644 (3.08%) 35.8% 43.1% 18.0% 

Total 20,579 2,558 320,077 5,754    
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3.1 Acoustic detections of orcas 

Overall, 20,579 of a total of 111,690 acoustic files (18%) contained potential orca 
sounds (i.e. unconfirmed detections; Table 2). Those files equalled to 2,558 hours of 
acoustic data containing at least one unconfirmed detection. The detector highlighted 
acoustic signals that were potentially produced by orcas in all data sets, for an overall total 
of 320,077 detections, all of which were manually analysed to assess whether these 
detections were indeed orca calls or other sounds.  

Table 2 provides the percentages of detections that were categorised as true positives 
(orca calls) or false positives (other sounds). False positives were further categorised into 
biological sounds produced by other known species, biological sounds produced by 
unknown species (generally due to the low quality of the sound), and sounds produced by 
non-biological sources such as boat engines and sonar devices (identified in most cases as 
fish finders) or by the mooring itself.  

As expected, as it is by design, the percentage of true positives was very low 
compared to the false positives. The highest percentage of true positive detections of orca 
calls pertained to the Offshore Northeast dataset (12.9%). The Inshore Northeast and the 
West2 datasets produced the least number of true positive detections (respectively 0.0% 
and 0.72%), with very high numbers of detections coming from non-biological sounds 
(respectively 95.23% and 68.83%). About half (49.61%) of the detections from the East 
2021 dataset were categorised as unknown sounds due to their overall low quality, whereas 
almost half (43.06%) of the detections from the South dataset were found to be sounds 
produced by other cetacean species, in particular humpback whales. In this dataset it was 
additionally observed that most artificially produced sounds originated from boat noise. 
This is probably due to the higher boat traffic present in the archipelago in comparison to 
the other remote locations analysed in this study. Pilot whales’ detections generally 
remained below 3% except for the East 2021 data, where 16.62% of false detections were 
manually categorised as pilot whale vocalisations.  

These high percentages of false positives reflected particularly high levels of error 
where background noise was the reason for the false positives. In all locations, especially 
in the South, low-frequency sounds produced by humpback whales also generated a high 
number of false positives. In addition to the false positive detections of known other 
species, an overall of 94,574 detections for all datasets combined, comprising about a third 
of the detections analysed, were categorised as produced by unknown biological species 
due to the particularly low quality of the sounds.  

Based on the eighteen days of data manually annotated for ground-truthing, all the 
true orca sounds (100%) were detected, showing the detector can reliably recognise the 
sounds produced by the target species and that false negatives are negligible. However, a 
high rate of false positives suggested the detector had a low sensitivity. Even when these 
data were filtered to include only relatively high confidence levels for orca calls, the 
number of false positives remained high. For example, on average false positives had a 
confidence level of 62.1% (minimum-maximum: 25.4%-96.7%), similar to the average 
confidence level of true orca detections (67.8%; minimum-maximum: 32.6%-95.4%). In 
addition, orcas and pilot whales were equally identified at different ranges of CI. Similar to 
the pilot whale detections, the detector’s CI identified humpback whales at higher 
confidence levels, showing no difference with the confidence level of true positive 
detections. 
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3.2 Seasonality across regions 

Effort in terms of total number of recording months was relatively similar across 
locations, with the exception of the East where the same timeframe (spring and summer) of 
six months was recorded in two consecutive years, and of the South, where recordings 
were only taken for the autumn and winter months of one year.   

In the East, although orcas were detected in almost every month within the period the 
hydrophone was deployed, they occurred only for 1 to 5 days for each of those months 
(Fig. 3.1). Presence of orcas was confirmed on multiple days throughout the month of 
June, at the beginning of July and once again throughout August, until the end of the 
recording period (15th of August). Similarly, for spring and especially summer, orca sounds 
were detected for every deployed hydrophone, particularly in the offshore Northeast, 
where orcas were confirmed to be present up to five days per month. Only one instance 
where orca calls were detected for the Inshore Northeast dataset was encountered during 
spring. 

Although less common, where the hydrophones were deployed over the autumn and 
winter period, orca calls were detected. For instance, orca calls were observed for one 
single day in December, in the Offshore Northeast (Figure 3.1). 

It is well known that Icelandic orcas migrate between the waters of the Snaefellsnes 
peninsula in the west and Vestmannaeyjar in the south (Samarra et al., 2017a) and that they 
often travel along the area within these two regions. Although the hydrophones were 
deployed further offshore than where orcas are generally observed, it was expected to find 
orca sounds for the West1 and West2 datasets. Orca sounds were detected over most of the 
autumn and winter months, from September to February, in the two West locations, as well 
as in the South. Considering the location of the second west hydrophone and the 
knowledge of orca presence in the region, it was surprising not to find more calls, and 
therefore matches, throughout the one-year deployment period, suggesting that when 
travelling between these western locations, orcas prefer to remain coastal. Having been 
deployed closer to shore, the West2 dataset did yield a larger number of calls for 
categorisation within the same period of West1. Regarding the South dataset, although 
41.75% of the detections were attributed to humpback whales, the information retrieved is 
the first-time evidence of the presence of orcas in the region over the wintertime as well. In 
fact, their calls were detected at least once for each of the autumn and winter months. 
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Figure 3.1 Acoustic occurrence of orcas for each of the monitoring locations. Numbers 
inside the black circles represent the number of days per month during which orca sounds 
were confirmed. Grey shading is used to indicate the seasons and light green to indicate 
monitoring effort. 

3.3 Comparisons with call catalogues 

Of the 5,754 confirmed detections of orca calls (Table 2), 3,876 were judged as high 
enough quality to allow for comparison with call catalogues from Iceland and Norway 
(Table 3). Table 3 summarises the number of calls, and percentage, that could 
confidentially be matched from the extracted calls for each location.  

Table 3 Number of calls that were matched in comparison to all high-quality calls, and 
overall percentage of matched calls that were compared to the call catalogues for both 
Icelandic and Norwegian call types. 

Location # High- quality calls # Matched calls % Matched calls 

East 2020 437 97 14.16 

East 2021 356 3 0.84 

Offshore Northeast  1,314 282 21.46 

Inshore Northeast 0 0 0 

West1  224 34 15.18 

West2  744 71 9.54 

South  801 273 34.08 

Total 3,876 760  
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The general low quality of the spectrograms and respective sounds did not allow for 
most of them to be confirmed matches. Similarly, the Inshore Northeast dataset only 
allowed to confirm the presence of orcas in the area, but the lack of good quality calls did 
not permit for any of the calls to be matched.  

Comparisons with the catalogues revealed a total of 760 matches to 29 call types or 
subtypes in the Icelandic catalogue published by Selbmann et al. (2019). Matches are listed 
in Table 4 and Appendix A, whilst possible matches are listed in Appendix B. I11.6 and 
I59.1 are the call types that were most encountered across regions, in four out of the six 
locations (East 2020, Offshore Northeast, West1, and South), followed by I45 encountered 
in three locations (East 2020, West1, and West2). The South, East 2020, and Offshore 
Northeast datasets respectively revealed the largest number of matches to different call 
types: thirteen matches for the South, ten for the East 2020, and eight for the Offshore 
Northeast.  
 
Table 4 List of call types that were matched to the Icelandic catalogue (call types starting 
with I) or Norwegian catalogues (call types starting with N) as function of the data set. 

Call type East 2020 
 
 

East 2021 Offshore 
Northeast 

West1 West2 South 

I11.3  x   x  
I11.4    x   
I11.6 x  x x  x 
I36     x x 
I39 x      
I40.1 x  x    
I42.1      x 
I42.2      x 
I43.4   x    
I44     x  
I45 x   x x  
I49.2      x 
I51    x  x 
I53.1     x x 
I53.2      x 
I54.1      x 
I54.2 x      
I55     x  
I56     x  
I59.1 x  x x  x 
I59.2   x   x 
I60.2 ab x      
I61      x 
I62.1      x 
I62.2 x      
I64  x     
I68   x    
I71   x    
I73 
N16.2 
N67 

 
x 
x 

 x 
 

   

 
Table 5 summarises the number of matches to each call type and the measurements 

that were taken for each. Examples in spectrogram form of the two most commonly found 
call types, I11.6 and I59.1, the herding call I36 and the Norwegian calls N16.2 and N67 are 
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illustrated right after. All other spectrogram representations of matched calls are found in 
Appendix A.  

 
Table 5 Summary of the number of matches and the measurements taken for each call. 
Measurements were only taken where call type was of high enough quality for information 
to be retreived. 

Call 
type 

# 
Match

es 

# 
Measureme

nts 

Start 
frequency 

(kHz) 

End 
frequency 

(kHz) 

Min 
frequency 

(kHz) 

Max 
frequency 

(kHz) 

Duration (s) 

I11.
3 

4 4 1.31±0.27(0.
85-1.55) 

1.66±0.51(0.
81-2.17) 

1.30±0.30(0.
81-1.51) 

2.1±0.4(1.37
-2.54) 

0.65±0.17(0.
54-0.94) 

I11.
4 

2 0      

I11.
6 

51 14 0.85±0.24(0.
54-1.27) 

1.28±0.66(0.
99-2.27) 

0.81±0.27(0.
34-1.31) 

1.52±0.45(0.
55-2.48) 

1.30±0.37(0.
86-2.11) 

I36 35 14 0.93±0.1(0.6
7-1.08) 

0.96±0.09(0.
77-1.06) 

0.9±0.09(0.7
1-1.04) 

1.11±0.31(0.
91-2.19) 

1.63±0.36(1.
16-2.24) 

I39 4 0      
I40.
1 

2 2 2.64±0.72(1.
92-3.36) 

3.45±0.41(3.
05-3.86) 

2.55±0.5(2.0
5-3.05) 

3.66±0.56(3.
1-4.21) 

0.9±0.11(0.7
8-1.01) 

I42.
1 

10 3 0.89±0.11(0.
73-0.98) 

1.49±0.19(1.
22-1.64) 

0.95±0.92(0.
94-0.96) 

1.87±0.25(1.
66-2.23) 

1.48±0.41(1.
05-2.03) 

I42.
2 

6 1 0.81 0.96 0.87 2.22 4.27 

I43.
4 

2 0      

I44 10 6 1.13±0.3(0.6
9-1.65) 

0.75±0.19(0.
54-1.05) 

0.75±0.21(0.
46-1.05) 

1.28±0.24(0.
87-1.45) 

0.79±0.13(0.
59-1) 

I45 12 8 1.32±0.38(0.
93-1.57) 

1.31±0.49(0.
92-2.21) 

0.99±0.18(0.
74-1.43) 

1.7±0.32(1.1
8-2.19) 

0.73±0.08(0.
56-0.81) 

I49.
2 

2 0      

I51 1 1   2.73   
I53.
1 

4 0      

I53.
2 

12 4 0.8±0.32(0.3
-1.17) 

2.06±0.2(1.7
3-2.27) 

0.82±0.35(0.
31-1.29) 

2.11±0.17(1.
9-2.32) 

1.26±0.46(0.
54-0.76) 

I54.
1 

3 2 2.76±0.13(2.
89-2.64) 

0.85±0.12(0.
73-0.96) 

0.86±0.54(0.
75-0.96) 

2.72±0.15(2.
87-2.58) 

0.84±0.03(0.
87-0.81) 

I54.
2 

1 0      

I55 9 4 2.15±0.1(1.6
8-2.5) 

1.55±0.49(1.
04-2.36) 

1.2±0.16(0.1
5-1.31) 

2.58±0.14(2.
36-2.79) 

0.77±0.07(0.
65-0.83) 

I56 1 0      
I59.
1 

122 21 0.92±0.32(0.
3-1.7) 

1.94±0.61(0.
57-3.26) 

0.93±0.34(0.
31-2.03) 

2.10±0.71(0.
76-4.27) 

1.71±0.41(0.
86-2.51) 

I59.
2 

21 5 1.1±0.2(0.85
-0.9) 

1.93±0.16(1.
65-2.14) 

1.1±0.21(0.8
5-1.45) 

1.95±0.2(1.5
9-2.17) 

1.07±0.16(0.
8-1.3) 

I60.
2 ab 

1 0      

I61 1 0      
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I62.
1 

1 0      

I62.
2 

4 3 1.59±0.21(1.
32-1.82) 

2.11±0.03(2.
07-2.16) 

1.58±0.22(1.
27-1.76) 

2.23±0.06(2.
19-2.32) 

1±0.33(0.63-
1.43) 

I64 1 0      
I68 1 0      
I71 112 48 1.59±0.38(0.

72-2.99) 
1.02±0.29(0.
55-1.66) 

1.06±0.28(0.
58-1.59) 

1.97±0.5(0.8
3-3.57) 

1.35±0.23(0.
58-1.83) 

I73 1 0      
N16.
2 

6 0      

N67 6 0      

 

Call type I11.6 was encountered in most regions, respectively the East 2020, 
Offshore Northeast, West1, and South (Figure 3.2). It is unmistakably recognisable, 
characterised by the slight upsweep of both the high and low frequency contours.  

 

 
 

Figure 3.2 Matched call type from detection (left, sampling rate: 48kHz; window: Hann; 
FFT size: 2,048) and I11.6 from the catalogue (right, sampling rate: 64kHz; window: 
Hann; FFT size:2,048.) by Selbmann et al. (2019). Y-axis represents Frequency in Hz and 
X-axis represents Time in s. 

The datasets showed a match with call type I36 (Figure 3.3). This call is known as 
the ‘herding call’, generally heard during feeding activities, as described by Samarra et al. 
(2015). It was observed for a total of 25 times on one single day, on the 21st of April 2021, 
suggesting the orcas were recorded whilst a feeding event was taking place in the West2 
dataset. It was additionally heard for a total of ten times, over the wintering period in the 
South dataset, identified on the 10th, 15th, and 29th of October 2018. This match indicates 
that orcas are found in the area over winter as well as summer, and that they are feeding 
during the winter months as well. 

The call is particularly simple in structure, generally linear with few frequency 
modulations, much longer in time than most call types, often reaching over three seconds, 
as observed in both the comparison (left side) and catalogue (right side) images (Figure 
3.5). 
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Figure 3.3 Matched call type from detection (left, sampling rate: 96kHz; window: Hann; 
FFT size: 4,096) and I36 from the catalogue (right, sampling rate: 64kHz; window: Hann; 
FFT size:2,048.) by Selbmann et al. (2019). Y-axis represents Frequency in Hz and X-axis 
represents Time in s. 

Call type I59.1 (Figure 3.4) had the largest number of matches, for a total of one 
hundred and twenty-two observed in the East2020, Offshore Northeast, West1 and South 
datasets. It is a highly variable upsweep call characterised by the presence of both the low 
and high frequency contour (Selbmann et al., 2019). It is in this example characterised by a 
slight frequency decrease towards the end.  
 

  

Figure 3.4 Matched call type from detection (left, sampling rate: 96kHz; window: Hann; 
FFT size: 4,096) and I59.1from the catalogue (right, sampling rate: 48kHz; window: 
Hann; FFT size:1,024.) by Selbmann et al. (2019). Y-axis represents Frequency in Hz and 
X-axis represents Time in s. 

On the 28th of April 2020 it was additionally possible to confirm six matches in the 
East 2020 dataset, to the Norwegian call types N16.2 and N67, described in Strager (1993), 
Shapiro (2008), and Selbmann (2019; Figure 3.31). In Figure 3.5, the first spectrogram to 
the left illustrates the combined sounds N16.1 and N67 found in the East 2020 dataset, 
whereas the second two spectrograms show the two call types separately as described in 
Selbmann (2019). 
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Figure 3.5 Matched call type from detection (left, sampling rate: 96kHz; window: Hann; 
FFT size: 4,096) and N16.2 (right) and N67 (bottom, sampling rate: 96kHz; window: 
Hann; FFT size:2,048.) by Selbmann et al. (2019 Y-axis represents Frequency in Hz and 
X-axis represents Time in s. 

Although it cannot be fully confirmed, as only one detection was found for this 
sound type, it is worth mentioning the close possibility of a match with Norwegian call 
type N23iii from van Opzeeland et al. (2005; Figure 3.6), found in the same dataset. Both 
sounds are characterized by a short buzz followed by an acute and particularly short 
upsweep which terminates with an even shorter upsweep sound. 

 

  

Figure 3.6 Possible match from detection (left, sampling rate: 96kHz; window: Hann; FFT 
size: 4,096) with call type N32iii from Van Opzeeland et al. (2005;  right, sampling rate: 
44kHz). Y-axis represents Frequency in Hz and X-axis represents Time in s. 
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3.4 Potential new calls 

Throughout the various datasets, numerous sounds were found that, although 
attributed to orcas, matched to none of the catalogues. Many of these sounds were 
observed only one time, suggesting they may have been random grunts, snorts, or squeaks. 
On some occasions, more than one repetition of the same sound was observed, possibly 
indicating the potential of a new call type that has not yet been included in any of the 
catalogues. Unfortunately, given their relatively low quality, it is not possible to confirm 
these sounds as new call types, if following the criteria defined by Selbmann et al. (2019). 
It was however deemed proper to illustrate these five sounds (Figures 3.7 to 3.11) for 
future reference. 

The first unmatched call is illustrated in Figure 3.7, observed in the East 2020 
dataset. Thirteen examples were encountered for this sound. It does not have a high 
frequency contour and is characterised by a strong upsweep, followed by a short pause 
before a down sweep. It could also be hypothesised that the second half of the call may be 
a sub-type of the first half, but for all the recordings encountered the two sounds were 
always found next to one another. Measurements for eight sounds were taken: Start 
frequency 1.28±0.43(0.9-2.1) kHz; End frequency 1.97±0.56(1.59-3.03) kHz; Minimum 
frequency 1.25±0.42(0.85-1.94) kHz; Maximum frequency 4.51±1.46(3.1-7.62) kHz; 
Duration 0.98±0.24(0.44-1.32) seconds. 

 

 

Figure 3.7 Potential new call 1. The recording from the detection was sampled at 96kHz 
with a Hann window FFT size of 4,096. Y-axis represents Frequency in Hz and X-axis 
represents Time in s. 

The next sound to which no match was found, were twelve examples encountered in 
the West1 dataset (Figure 3.8). It is also characterized of two separate parts, beginning 
with a mild upsweep, and followed by a short downsweep. Six measurements were taken 
for this possible call type: Start frequency 2.4±0.5(1.84-3.24) kHz; End frequency 
1.97±0.29(1.37-2.27) kHz; Minimum frequency 1.7±0.43(1.2-2.2) kHz; Maximum 
frequency 4.69±0.75(3.86-5.73) kHz; Duration 1.1±0.16(0.86-1.31) seconds. 
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Figure 3.8 Potential new call 2. The recording from the detection was sampled at 96kHz 
with a Hann window FFT size of 4,096. Y-axis represents Frequency in Hz and X-axis 
represents Time in s. 

The other three calls that are reported hereby, were all encountered within the West2 
dataset. The first call (Figure 3.9) is a downsweep call. It is characterized by a short 
frequency shift at its beginning, then continuing in its downsweep direction. Some of the 
twelve samples for this sound additionally have a quick upsweep sound, almost resembling 
a whistle, at the very beginning of the call.  Five calls were measured: Start frequency 
2.24±0.16(2.09-2.54) kHz; End frequency 0.77±0.85(0.63-0.87) kHz; Minimum frequency 
0.65±0.16(0.38-0.83) kHz; Maximum frequency 2±0.92(0.38-3.13) kHz; Duration 
0.8±0.07(0.72-0.91) seconds. 
 

 

Figure 3.9 Potential new call 3. The recording from the detection was sampled at 48kHz 
with a Hann window FFT size of 2,048. Y-axis represents Frequency in Hz and X-axis 
represents Time in s. 

The second call within this dataset was quite different from any other calls from the 
catalogues analysed (Figure 3.10). All fourteen examples are short, less than a second long, 
and characterised by two short upsweep sounds separated in the middle by a faint, slightly 
modulated upsweep. It does not show any high frequency contour. Measurements for five 
sounds were taken: Start frequency 2.15±0.57(1.06-2.75) kHz; End frequency 
2.38±0.34(1.76-2.77) kHz; Minimum frequency 1.88±0.39(1.1-2.1) kHz; Maximum 
frequency 2.57±0.54(1.49-2.91) kHz; Duration 0.75±0.04(0.7-0.8) seconds. 



42 

 

Figure 3.10 Potential new call 4. The recording from the detection was sampled at 48kHz 
with a Hann window FFT size of 2,048. Y axis: Y-axis represents Frequency in Hz and X-
axis represents Time in s. 

The final call to which no match was found is illustrated in Figure 3.11. All twenty-
seven examples encountered lacked a high frequency contour. It is a very simple call with 
a slight downsweep nature. Eighteen measurements were taken for this potential call type: 
Start frequency 1.02±0.11(0.79-1.27) kHz; End frequency 0.75±0.74(0.55-0.98) kHz; 
Minimum frequency 0.76±0.76(0.63-0.92) kHz; Maximum frequency 1.13±1.13(1.04-
1.27) kHz; Duration 0.72±0.71(0.36-0.99) seconds. 

 

 

Figure 3.11 Potential new call 5. The recording from the detection was sampled at 48kHz 
with a Hann window FFT size of 2,048. Y-axis represents Frequency in Hz and X-axis 
represents Time in s. 
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4 Discussion 

4.1 Performance of detector 

The task of identifying cetacean vocalisations in large datasets is significantly 
simplified by the use of a detector, but it comes with its challenges. The type of noise as 
well as the mean level of the noise greatly affect the performance of any detector (Gillespie 
et al., 2013). In addition, there may be structural similarities in the vocalisation of different 
species of odontocetes which may cause ‘confusion’ in the detector’s performance 
(Gillespie et al., 2013; O’Brien, 2021). For instance, a distributional shift of long-finned 
pilot whales, possibly related to climate change (Thorne et al., 2021; Óskarsson et al., 
2021)), may be occurring in Iceland (Selbman et al. 2022). This shift is causing a spatial 
overlap with orcas in both Vestmannaeyjar and Breiðafjörður, where an antagonistic 
interspecific interaction based on acoustic cues is evident, whereby pilot whales are 
observed chasing orcas away (Selbmann et al., 2022). As the vocalisations of orcas and 
long-finned pilot whales are similar, a detector might not be able to distinguish 
vocalisations between the two species (O’Brien, 2021). The analysis of the detector’s 
performance carried out in this study, showed that the algorithm misclassified a relatively 
small number of pilot whale sounds as orca sounds. Considering pilot whales were not 
included in the automatic classifier stage, a certain level of error was to be expected. In 
addition, other research using an automated detector on data where vocalisations of both 
species were present, revealed that pilot whales are regularly misclassified as orcas, while 
the reverse is less likely (Gillespie et al., 2013). If the detector in this study could 
distinguish the vocalization of the two species, it could be expected that the average 
confidence level attributed to the pilot whale vocalisations would be lower compared to 
that attributed to orca vocalisations. However, this was not the case, as the average 
confidence level was very similar between species. 

Humpback whale vocalisations and parts of their songs were often misidentified by 
the detector as orca vocalisations (both species produce sounds that span a wide range of 
frequencies). This is particularly the case in the archipelago of Vestmannaeyjar (South 
dataset), where orcas are known to produce a variety of low frequency pulsed calls 
(Samarra et al., 2016) which overlap in frequency with humpback whale sounds. In fact, 
the South dataset yielded the largest number of false positive detections, where 41.7% of 
unconfirmed detections were attributed to humpback whale vocalisations.  

In the assessment of the performance of the automatic classifier, it is possible that it 
triggered on self-noise of the recording system rather than the genuinely distinct 
vocalisation of orcas. It is well-known that when a classifier is trained with recordings 
from one set of equipment, it may perform differently on recordings from a second set of 
equipment (Gillespie et al., 2013). This study was carried out on seven different datasets, 
with the use of five different recorder models. Such divergence in recording equipment 
may explain, in part, the relatively high percentage of detections coming from non-
biological sounds in all datasets. This is in particular for the Inshore Northeast data, where 
most of the 95.3% false detections were mechanical noises produced by the recording 
equipment itself.  
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The detector did not detect orca vocalisations with a very high level of precision (i.e. 
many detections were not orca sounds), but this was partly by design to not exclude too 
many orca encounters. When a series of orca sounds was present in a recording, the 
detector often only appeared to identify a few of them, excluding most, suggesting also a 
relative low recall value (i.e. false negatives; many orca sounds were not detected). The 
fact that at least part of the sounds per encounter appeared to be detected was sufficient for 
the assessment of the presence or absence of the species in the different locations.   

In conclusion, training the automatic classifier using sounds from Icelandic killer 
whales, long-finned pilot whales, 

 and humpback whales recorded with the same equipment used here would most 
probably improve its performance in detecting orca vocalisations in Icelandic waters. 
Considering the overall large number of false detections, even at high confidence level 
thresholds, and similarities in sounds across species, the results of this study suggest that 
some degree of manual annotation will always be needed. At the same time, the detector 
proved itself to be a suitable tool for the assessment of large amounts of data to determine 
the presence of a certain species in a specific region.   

4.2 Orca distribution and seasonality across 
Iceland 

In many Icelandic coastal regions, visual monitoring is often cost prohibitive and 
limited by remoteness and prolonged periods of short daylight hours in winter, combined 
with unfavourable weather conditions. The acoustic approach used here provided first-time 
proof of the presence of orcas in regions where visual observational methods are not 
possible or only seasonally, as is the case for the Vestmannaeyjar archipelago (South 
dataset). 

Based on whaling catches in the North Atlantic prior to the 1960s, it was suggested 
that orcas were distributed roughly uniformly between Iceland and Norway, potentially 
constituting one population. Orcas were found off the East and Northeast Icelandic coasts 
and were believed to be feeding on the Norwegian spring spawning herring (NSSH; 
(Jonsgård & Lyshoel 1970). The collapse of the Atlantic herring stock led to a 
distributional change of the orcas, after which a number of past studies have evidenced that 
no connectivity between the two orca populations was present (e.g. Sigurjonsson et al., 
1988; Foote et al., 2010). For example, Simon et al. (2007) suggested that, despite their 
morphological and acoustic similarities, the two groups do not belong to the same 
population because no photographically identified matches were found between the two 
areas, and because the migration routes of the NSSH and ISSH did not overlap at the time. 
Similarly, another photo-identification study (Foote et al., 2010) also suggested no large-
scale movement of orcas between the Norwegian and Icelandic herring grounds after the 
collapse of the NSSH. It is important to point out that such movement analyses, based on 
the capture-recapture method of only a subset of photographed individuals, may 
underestimate the level of movement across distant regions (Foote et al., 2010). In 
addition, an updated comparison of photo-identification catalogues from both locations has 
not been completed, preventing a more comprehensive examination of orca movement 
between Iceland and Norway (Selbamnn et al., 2020). 

 Interestingly, the 12 calls matched to 2 call types from the Norwegian catalogue 
were observed on the 28th of April, in the period in which the NSSH are not believed to be 
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present in the region, as they supposedly leave their wintering grounds in East Iceland by 
January (Sissner & Bjorndal, 2005). In addition, calls matched to the Icelandic catalogue 
were observed only four days before, on the 24th of April, supporting the possibility that 
the two populations were present in the same region at the same time. If none of the 
Atlantic herring are present along the East coast of Iceland in that time-period, the two orca 
populations might be feeding on other prey in this region, however this will need future 
research. 

For the rest of the orca calls recorded in the East and Northeast, and in its majority 
matched to the Icelandic catalogue, most were observed between June and August, with 
only three days where calls pertaining to the Icelandic population were detected before that 
period. Increased orca activity in the area over the summer months suggests they are 
feeding on NSSH, present in the region in accordance with IESNS (2020). With the return 
of the NSSH in 2012, it can be expected for future research to observe larger numbers of 
orcas in these areas.  

Presence of orcas in the two West locations was quite sporadic, with just one or two 
confirmed detections of orca calls per month, only between December 2020 and October 
2021 (Figure 3.1). Herring is known to stay in coastal waters during their wintering period 
(Óskarsson et al., 2009), but their distribution seems to have shifted further offshore in 
recent years (MFRI, 2022). It is therefore possible that the orcas producing herding calls in 
the two West locations were feeding on wintering ISSH. However, considering the location 
of the moored hydrophones (especially West1) and that only a small percentage of calls 
attributed to orcas were matched to the Icelandic catalogue by Selbmann et al. (2019), with 
over twenty calls that could not be matched, it could be possible that some of these calls 
may pertain to lesser-known populations, for example the Greenlandic one. On the other 
hand, as orcas are periodically observed by whale watching operators to travel along the 
west coast between the Snaefellsnes and Reykjanes peninsulas, it is also possible that the 
orcas acoustically observed in the West data sets were simply passing by.  

In the case of the Vestmannaeyjar archipelago, research on orca ecology, behaviour, 
and acoustics has been ongoing since 2008 as part of the Icelandic Orca Project. 
Considered to be one of the windiest regions in Europe, research here is only limited to the 
summer months, from June to August, when the weather is more favourable. Weather 
constraints therefore curb the possibility to do research year-round. Orcas are known to 
dominate the waters in the Vestmannaeyjar archipelago throughout the summertime, 
period in which ISSH generally migrates to the region for spawning (Samarra et al., 
2017a). Before this study, presence of orcas in the area over the wintertime was unknown. 
The seasonality graph (Figure 3.1) shows that orcas are acoustically observed throughout 
the whole deployment period of the hydrophone, from September to February, highlighting 
that the species is present in the area year-round. In addition, the identification of call types 
such as I36, a low frequency pulsed call specifically produced during feeding, described as 
the ‘herding call’ (Simon et al., 2006; Richard et al., 2017; Selbmann et al., 2019), suggests 
the animals are feeding in the region over the winter as well. The ISSH historically 
overwintered between October and March in the fjords west and east of Iceland, as well as 
in regions along the south coast (Óskarsson et al., 2009). They usually congregate into 
large schools around October, when feeding ceases, migrating together to their 
overwintering grounds (Jakobsson & Stefánsson, 1999; Óskarsson et al., 2009). The 
seasonality graph (Figure 3.1) illustrates that the highest number of acoustic orca 
encounters in the South dataset occur in October, coinciding with the winter migration of 
the ISSH in the region. This conforms with the latest herring survey carried out by the 
MFRI (2022) showing ISSH distributional ranges in the South. Such distributional changes 
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possibly began in the winter of 2006/2007, when bigger year classes started overwintering 
along the south coast, including the Vestmannaeyjar archipelago. Together with the NSSH, 
as the population started recovering it began returning to its original spawning grounds 
(Óskarsson et al., 2009). Reaching the highest estimated population level in the late 2000s 
(ICES, 2016), it is very possible that at least some orcas stay in the area over winter, 
benefitting from the wintering migration of the returned stock of the ISSH. 

4.3  Call types 

This study provides proof of presence of orcas across Icelandic waters, contributing 
to knowledge on their connectivity in different regions. As PAM monitors are increasingly 
being used across the country, it will be possible for future studies to develop 
comprehensive descriptions of orca repertoires to better understand population 
relationships and ranges. The first study looking at finer scale differences in call repertoire 
around coastal Icelandic waters is currently in review (Selbman et al., in review), to which 
a few observational comparisons can be made.  

The most commonly recorded call types in this study were I59.l and I71. Whilst 
I59.1 was recorded in four different locations, I71 was only recorded in the Offshore 
Northeast dataset. Call type I71 was only previously recorded in the Vestmannaeyjar 
archipelago between 2002 and 2016 according to Selbmann et al. (unpublished data). Call 
type I59.1, on the other hand, seems to be commonly used across regions, in accordance 
with Selbmann et al. (unpublished data) who found this call in four out of the five study 
locations around Iceland. In their study, the most common call types across regions were 
I11.4, I44, I45, not matching with any of the results from this research. For instance, they 
reported the presence of call type I11.4 in all their study regions, and call type I44 in most, 
whereas in this study both calls were only encountered in the West (I11.4 in West1 and I44 
in West2). Their study does suggest some differences between regions in use of repertoire, 
possibly explaining the differences hereby described. However, this study can only be 
considered a preliminary look into the understanding of the relationship between acoustic 
repertoires and orca presence in different regions.  

Call type I36 was only encountered in the West2 and South dataset. Interestingly, the 
same call was also only recorded in the Vestmannaeyjar archipelago and in Breiðafjörður 
(in a similar area to where the West2 hydrophone was deployed) by Selbmann et al. 
(unpublished data), although their data in those two regions was gathered mainly during 
feeding contexts, hence the call type was expected to be found. Through the use of PAM, it 
is possible to analyse feeding occurrence as well as variations with time of day or season 
by investigating the generation of feeding-specific sounds (Richard et al., 2017). 
Therefore, encountering the herding call in offshore waters in the west of Iceland can only 
suggest that orcas travel further from the coast than previously known, to feed on herring.  

In this study, call type I11.6 was encountered in four different locations, respectively 
East2020, Offshore Northeast, West, and South, conforming with the results by Selbmann 
et al. (unpublished data) who also observed this call in the Eastfjords, Breiðafjörður, and 
Vestmannaeyjar. Opposite to their findings, where most calls were found at two or more 
locations, in this study all other calls not described here were found at only one or 
sometimes two of the locations. To point out is that except for call type I59.1, all calls 
identified in the two East datasets were not observed by Selbmann et al. (unpublished 
data). These are I11.3, I39, I40.1, I45, I54.2, I62.2, and I64. On the other hand, all calls 
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observed in their study were not encountered in this one, with the exception for call type 
I59.1.  

Finally, Icelandic and Norwegian orcas share a similar acoustic behaviour where 
both remain mainly silent when travelling but produce high rates of calls and echolocation 
during feeding (Simon et al., 2007; Samarra & Miller, 2015; Selbmann et al., 2020). They 
also share similar time-frequency parameters when producing whistles (Samarra et al., 
2010), and during feeding, both populations are known to use underwater tailslaps to stun 
fish (Simon et al., 2007; Richard et al., 2017). Unfortunately, the presence of only two 
matches and one possible match to call types from Norwegian orcas, in only one day for all 
datasets is not enough to make any further comparison or assumptions of repertoire sharing 
between the two populations. 
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5 Conclusion  
The evolution of fixed autonomous acoustic recorders in the last twenty years has 

allowed for a rapid increase in knowledge about acoustic behaviour, distribution, and 
population structure of cetaceans. Thanks to the quick advancements in technology, in 
concomitance with reduced costs to size ratios, PAM devices have become more common 
in the scientific community and are of particular importance in areas of the world where 
visual observation effort is limited by constraints such as personnel, costs, weather, and 
light conditions. For this study, the use of PAM was possibly the best non-lethal and non-
invasive, as well as cost-effective method. The need to continue data analysis gathered 
from such devices is essential in assessing orcas’ distribution and trends, as well as 
defining populations dynamics and habitat use. 

Whilst orcas in the North Pacific coasts have been extensively studied since the 
1970s, that is not the case for many other orca populations worldwide. Although 
considered a single species, many populations with their unique physical and acoustic 
features are facing major threats caused by depletion of their main food sources, reduction 
of habitat or acidification, and pollution of the waters within their habitat in use. Having a 
deeper knowledge on population presence, numbers, and dynamics through the analysis of 
acoustic signatures is therefore crucial for the understanding of the threat level from 
ecotype to sub-pod for this charismatic yet necessary species for the balance of the trophic 
pyramid. This paper for instance provided first-time evidence of orca presence across 
offshore and inshore Icelandic waters through the use of acoustic analysis, add to scientific 
understanding about the orca populations living the eastern North Atlantic. 

All the confirmed Icelandic orca calls found here were only matched to the Selbmann 
et al. (2019) catalogue and not to earlier Icelandic catalogues (i.e. Moore et al., 1998). This 
is possibly due to the technological advances in hydrophone development and in 
spectrogram data appearing clearer and more detailed in print than it did only a decade ago, 
allowing comparison of large datasets to be easier. The quality of older spectrogram 
figures, such as for the call types described by Moore et al. (1998), could in some cases 
encumber the possibility to find a match, especially in cases such as this one, where most 
of the calls found appeared faint and of lower quality. Nonetheless, this study proved the 
presence of orcas across all regions of Iceland. The matches of various call types from the 
Icelandic catalogue, indicate that Icelandic orcas migrate between regions of the country, 
where different individuals or groups are found in different regions at the same time, in 
particular during the summer months. They thus seem to follow a seasonality pattern in 
concomitance with the migration of the Atlantic herring, where they are most observed in 
all locations during the spawning period of the ISSH and, during winter, in the western and 
southern regions where ISSH is known to winter.  

Discovering Norwegian orca calls in the waters of east Iceland is possibly the most 
important finding in this research, suggesting that Norwegian orcas are travelling to 
Iceland, hence opening once again the question if interaction between the two populations 
never ceased or is happening again now that the Atlantic herring stock has recovered, and 
raising questions about what consequences this may have.  

On the last note, the fact that the data was made available by different institutions 
and organisations, shows an important milestone in the research world, where sharing of 
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knowledge is finally becoming more accessible for the development of a bigger and better 
understanding of each individual species that make marine ecosystems so complex and 
unique.  
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Appendix A 
In this appendix all the matched calls summarised in Table 6 are reported in spectrogram 
form. 

Figure 0.1 illustrates call type I11.3, to which only four orca calls were matched, 
found in the East 2021 and West2 datasets. As it can be observed in both spectrograms, the 
call is characterised by a simple structure starting with an upsweep followed by a faint 
downsweep towards the end.  

 

  

Figure 0.1 Matched call type from detection (left, sampling rate: 96kHz; window: Hann; 
FFT size: 4,096) and I11.3 from the catalogue (right, sampling rate: 192kHz; window: 
Hann; FFT size:4,096.) by Selbmann et al. (2019). Y-axis represents Frequency in Hz and 
X-axis represents Time in s. 

The next match is with call type I11.4 (Figure 0.2). Only two matches in the West1 
were found to this call type. It is characterised by an upsweep contour ending with a 
distinct, short frequency modulation.   
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Figure 0.2 Matched call type from detection (left, sampling rate: 48kHz; window: Hann; 
FFT size: 2,048) and I11.4 from the catalogue (right, sampling rate: 192kHz; window: 
Hann; FFT size:4,096.) by Selbmann et al. (2019). Y-axis represents Frequency in Hz and 
X-axis represents Time in s. 

Call type I39 (Figure 0.3) was only matched four times, all found within the East 
2020 dataset. As it can be observed in Figure 0.3, it is characterized by two parts separated 
by a downward frequency shift and an upsweep at the end. 

 

  
 
Figure 0.3 Matched call type from detection (left, sampling rate: 96kHz; window: Hann; 
FFT size: 4,096) and I39 from the catalogue (right, sampling rate: 192kHz; window: 
Hann; FFT size:4,096.) by Selbmann et al. (2019). Y-axis represents Frequency in Hz and 
X-axis represents Time in s. 

Only two matches were made to call type I40.1 (Figure 0.4), which was observed in 
the East2020 and Offshore Northeast datasets. This call type is an upsweep call of 
relatively high frequency which downgrades towards the end and has no high frequency 
contour. The catalogue suggests variation in call duration although here it is of about the 
same time.  
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Figure 0.4 Matched call type from detection (left, sampling rate: 96kHz; window: Hann; 
FFT size: 4,096) and I40.1 from the catalogue (right, sampling rate: 64kHz; window: 
Hann; FFT size:1,048.) by Selbmann et al. (2019). Y-axis represents Frequency in Hz and 
X-axis represents Time in s. 

Call type I42.1 was only observed in the South dataset (Figure 0.5) for which ten 
sounds were matched to the call type. The call is delineated by both a high and low 
frequency contour that are formed of an upsweep which decreases in a downward 
frequency shift at its end, as can be observed in both the matched sound, to the left, and the 
catalogue’s sound, to the right of Figure 0.5.  
 

 
 

Figure 0.5 Matched call type from detection (left, sampling rate: 48kHz; window: Hann; 
FFT size: 2,048) and I42.1 from the catalogue (right, sampling rate: 192kHz; window: 
Hann; FFT size:4,096.) by Selbmann et al. (2019). Y-axis represents Frequency in Hz and 
X-axis represents Time in s. 

Also call type I42.2, similar in structure to I42.1, was only observed in the South 
dataset (Figure 0.6), to which six sounds were matched. Like I42.1, it is characterised by 
both a high and low frequency contour which begin with an upsweep and terminate in a 
downward frequency shift. Here however, a second part is present which is similar in looks 
to the first but is shorter and of lower frequency, as can be seen in the spectrograms’ 
comparison (left image) of Figure 0.6.  
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Figure 0.6 Matched call type from detection (left, sampling rate: 48kHz; window: Hann; 
FFT size: 2,048) and I42.2 from the catalogue (right, sampling rate: 192kHz; window: 
Hann; FFT size: 4,096.) by Selbmann et al. (2019 Y-axis represents Frequency in Hz and 
X-axis represents Time in s. 

Illustrated in Figure 0.7 is call type I43.4, only observed twice in the Offshore 
Northeast dataset. The first, high frequency part of the call is absent on the compared 
spectrogram (left image) due to its low quality. The second part is however well visible: a 
downsweep characterised by a small frequency shift at its beginning. The low quality of 
the match did not allow for any measurement to be taken.  
 

  

Figure 0.7 Matched call type from detection (left, sampling rate: 96kHz; window: Hann; 
FFT size: 4,096) and I43.4 from the catalogue (right, sampling rate: 64kHz; window: 
Hann; FFT size:1,024.) by Selbmann et al. (2019). Y-axis represents Frequency in Hz and 
X-axis represents Time in s. 

The match to call type I44 was encountered within the West2 dataset (Figure 0.8). 
This is a particularly highly variable call which caused confusion in certain occasions, as it 
is generally only characterised by a low frequency contour, but sometimes appear to have a 
high frequency contour as well (Selbmann et al., 2019). In the example hereby presented 
the low frequency contour is a downsweep, however it was also observed with a more 
stable contour. In Figure 0.7, the matching call (left image) can be recognised by the 
unique short beginning, better heard during aural analysis.  
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Figure 0.8 Matched call type from detection (left, sampling rate: 48kHz; window: Hann; 
FFT size: 2,048) and I44 from the catalogue (right, sampling rate: 96kHz; window: Hann; 
FFT size:2,048.) by Selbmann et al. (2019). Y-axis represents Frequency in Hz and X-axis 
represents Time in s. 

Figure 0.9 illustrates the match to call type I45 found in the East 2020, West1, and 
West2 datasets. In this example the frequency contour of the call could easily be mistaken 
for call type I44 as both are highly variable in structure and only present a generally 
downsweep low frequency contour. Call type I45 lacks the unique initial sound present in 
I44, distinguished instead by short clicks at its beginning, as observed in both the matched 
image (left side) and the catalogue image (right side) of Figure 0.9.  
 

  

Figure 0.9 Matched call type from detection (left, sampling rate: 48kHz; window: Hann; 
FFT size: 2,048) and I45 from the catalogue (right, sampling rate: 64kHz; window: Hann; 
FFT size:2,048.) by Selbmann et al. (2019). Y-axis represents Frequency in Hz and X-axis 
represents Time in s. 

Call type I49.2 (Figure 0.10) was only found in the South dataset, for which only two 
matches were found. This call is quite simple in structure, being a short upsweep sound 
with only the low frequency contour present at around 2kHz. As the two matches found 
were of low quality thus it was not possible to carry any measurements out. 
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Figure 0.10 Matched call type from detection (left, sampling rate: 48kHz; window: Hann; 
FFT size: 2,048) and I49.2 from the catalogue (right, sampling rate: 192kHz; window: 
Hann; FFT size:4,096.) by Selbmann et al. (2019). Y-axis represents Frequency in Hz and 
X-axis represents Time in s. 

Figure 0.11 illustrates call type I51, which was only observed in the West1 and South 
datasets. In both the matched (left) image and the catalogue (right) image, it is possible to 
observe how the call begins with a series of clicks followed by and upsweep. The call does 
vary in time (Selbmann et al., 2019), as can be seen in the comparison of spectrograms 
below.  
 

 
 

Figure 0.11 Matched call type from detection (left, sampling rate: 48kHz; window: Hann; 
FFT size: 2,048) and I51 from the catalogue (right, sampling rate: 64kHz; window: Hann; 
FFT size:2,048.) by Selbmann et al. (2019). Y-axis represents Frequency in Hz and X-axis 
represents Time in s. 

The match to call type I53.1 (Figure 0.12) was observed in the West2 and South 
datasets. The comparing spectrogram (left image) is of reasonably low quality however the 
characteristic upsweep of the call, as well as the low frequency contour can be observed 
when compared to the catalogue’s call (right image). Being the matches all low quality, it 
was not possible for any measurement to be taken. 
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Figure 0.12 Matched call type from detection (left, sampling rate: 48kHz; window: Hann; 
FFT size: 2,048) and I53.1 from the catalogue (right, sampling rate: 96kHz; window: 
Hann; FFT size:2,048.) by Selbmann et al. (2019). Y-axis represents Frequency in Hz and 
X-axis represents Time in s. 

Call type I53.2 (Figure 0.13) was observed only within the South dataset. Both the 
low and the two high frequency contours characteristic of this upsweep call (Selbmann et 
al., 2019) can be observed in the comparing image (left side).  
 

 
Figure 0.13 Matched call type from detection (left, sampling rate: 48kHz; window: Hann; 
FFT size: 2,048) and I53.2 from the catalogue (right, sampling rate: 192kHz; window: 
Hann; FFT size:4,096.) by Selbmann et al. (2019). Y-axis represents Frequency in Hz and 
X-axis represents Time in s. 

 
Call type I54.1 is another match only found within the South dataset, with three 

matched calls. It is a clear downsweep call which terminates with a further downward 
frequency shift (Figure 0.14). The catalogue’s image (right side) includes an additional 
slight frequency shift in the middle which is however not always present according to 
Selbmann et al. (2019).  
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Figure 0.14 Matched call type from detection (left, sampling rate: 48kHz; window: Hann; 
FFT size: 2,048) and I54.1 from the catalogue (right, sampling rate: 192kHz; window: 
Hann; FFT size:4,096.) by Selbmann et al. (2019). Y-axis represents Frequency in Hz and 
X-axis represents Time in s. 

 
Call type I54.2, illustrated in Figure 0.15, was only found once in the East 2020 

dataset. Like I54.1, it is characterized by very distinct downward frequency shifts, as 
observable on the catalogue (right side) image. The match was made possible after an 
acoustic analysis to confirm the faint frequency lines observed on the extracted 
spectrogram for the matched call (left image). Its particularly low quality did not permit 
any measurements to be taken.  
 
 

  

Figure 0.15 Matched call type from detection (left, sampling rate: 96kHz; window: Hann; 
FFT size: 4,096) and I54.2 from the catalogue (right, sampling rate: 192kHz; window: 
Hann; FFT size:4,096.) by Selbmann et al. (2019). Y-axis represents Frequency in Hz and 
X-axis represents Time in s. 

Call type I55 (Figure 0.16) was only observed in the West2 data. The call has a 
simple contour which is easily observable on the spectrogram. An increase in frequency 
followed by a decrease is typical for the recognition of this call (Selbmann et al., 2019).  
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Figure 0.16 Matched call type from detection (left, sampling rate: 48kHz; window: Hann; 
FFT size: 2,048) and I55 from the catalogue (right, sampling rate: 64kHz; window: Hann; 
FFT size:2,048.) by Selbmann et al. (2019). Y-axis represents Frequency in Hz and X-axis 
represents Time in s. 

Figure 0.17 illustrates the single match found to call type I56, also only observed 
within the West2 data. Both spectrograms shown here are characterised at the beginning by 
two quick frequency shifts. The six examples found on the catalogue by Selbmann et al. 
(2019) were all recorded sequentially from the same recording. This could explain the 
slight difference with the matched sound (left image) where, after the frequency shifts, it 
terminates with a short downsweep contour, unlike the catalogue sound (right image) 
which finished on a slight upsweep.  
 

 

Figure 0.17 Matched call type from detection (left, sampling rate: 48kHz; window: Hann; 
FFT size: 2,048) and I56 from the catalogue (right, sampling rate: 96kHz; window: Hann; 
FFT size:2,048.) by Selbmann et al. (2019). Y-axis represents Frequency in Hz and X-axis 
represents Time in s. 

Call type I59.2 was matched between the Offshore Northeast and South dataset. It is 
another highly variable upsweep call, similar to I59.1 (Figure 0.18). For I59.2 however, 
both the low and high frequency contours do not downsweep at the end as they do for 
I59.1. Often, small shifts on the high frequency contour are present (Selbmann et al., 
2019), as observed in both the compared call (left image) and the catalogue’s call (right 
image).  



73 

 

  

Figure 0.18 Matched call type from detection (left, sampling rate: 96kHz; window: Hann; 
FFT size: 4,096) and I59.2 from the catalogue (right, sampling rate: 48kHz; window: 
Hann; FFT size:1,024.) by Selbmann et al. (2019). Y-axis represents Frequency in Hz and 
X-axis represents Time in s. 

Figure 0.19 illustrates an aberrant version of call type I60.2, found only once in the 
East 2020 dataset. Although of low quality (left image), it is possible to observe the strong 
increase and decrease in frequency respectively at the start and end of the call, typical of 
the aberrant variation of this call type (Selbmann et al., 2019). 

 

  

Figure 0.19 Matched call type from detection (left, sampling rate: 96kHz; window: Hann; 
FFT size: 4,096) and I60.2 aberrant from the catalogue (right, sampling rate: 96kHz; 
window: Hann; FFT size:2,048.) by Selbmann et al. (2019). Y-axis represents Frequency 
in Hz and X-axis represents Time in s. 

Call type I61 (Figure 0.20) was only matched once within the South dataset. It is an 
upsweep call where both low and high frequency contours are visible. The low frequency 
contour is characterised by the presence of a frequency increase both at the beginning and 
end of the sound. Measurements were not possible for this match.  
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Figure 0.20 Matched call type from detection (left, sampling rate: 48kHz; window: Hann; 
FFT size: 2,048) and I61 from the catalogue (right, sampling rate: 64kHz; window: Hann; 
FFT size:2,048.) by Selbmann et al. (2019). Y-axis represents Frequency in Hz and X-axis 
represents Time in s. 

Call type I62.1 (Figure 0.21) was also only found once within the South dataset. It is 
a reasonably flat upsweep call, simple in structure, with no high frequency contour. The 
low frequency contour lays at about 2kHz, which increases slightly throughout the call.  

  

Figure 0.21 Matched call type from detection (left, sampling rate: 48kHz; window: Hann; 
FFT size: 2,048) and I62.1 from the catalogue (right, sampling rate: 192kHz; window: 
Hann; FFT size:4,096.) by Selbmann et al. (2019). Y-axis represents Frequency in Hz and 
X-axis represents Time in s. 

Figure 0.22 illustrates call type I62.2, matched in the East 2020 dataset. The matched 
call (left image) is faint and incomplete, however its upsweep nature combined with 
acoustic comparison provided confirmation for a match with the call type in the catalogue 
by Selbmann et al. (2019). The low quality of the matched sounds did not permit for any 
measurements to be taken.  
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Figure 0.22 Matched call type from detection (left, sampling rate: 96kHz; window: Hann; 
FFT size: 4,096) and I62.2 from the catalogue (right, sampling rate: 192kHz; window: 
Hann; FFT size:4,096.) by Selbmann et al. (2019). Y-axis represents Frequency in Hz and 
X-axis represents Time in s. 

Call type I64 (Figure 0.23) was only observed once in the East 2021 dataset. It is an 
upsweep call of reasonable short duration. Although the matching spectrogram (left image) 
is faint, it is still possible to observe its similarities with the catalogue’s spectrogram (right 
image), especially towards the end of the call where frequencies can be compared.  

 

  

Figure 0.23 Matched call type from detection (left, sampling rate: 96kHz; window: Hann; 
FFT size: 4,096) and I64 from the catalogue (right, sampling rate: 192kHz; window: 
Hann; FFT size:4,096.) by Selbmann et al. (2019). Y-axis represents Frequency in Hz and 
X-axis represents Time in s. 

Figure 0.24 illustrates the very short downsweep typical of call type I68, which was 
only observed once in the Offshore Northeast dataset. The description on the catalogue by 
Selbmann et al. (2019) defines this call being separated in two parts, the first being either a 
short series of clicks or a lower frequency sound and the second being a low frequency 
contour. The matched sound (left image) is of reasonably low quality therefore, the first 
part of the call is missing. However, aural analysis, together with the visual representation 
of the second part of the sound, demonstrates the sound similarity to the call type, hence 
constituting a match. The presence of only one match and its low quality did not allow for 
measurements to be undertaken for this call type.  
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Figure 0.24 Matched call type from detection (left, sampling rate: 96kHz; window: Hann; 
FFT size: 4,096) and I68 from the catalogue (right, sampling rate: 64kHz; window: Hann; 
FFT size:2,048.) by Selbmann et al. (2019). Y-axis represents Frequency in Hz and X-axis 
represents Time in s. 

Call type I71 is illustrated in Figure 0.25. One hundred and twelve matches were 
found to this call type, which was only found within the Offshore Northeast dataset. 
Usually longer in length than other call types, it is characterized by a downsweep with 
small frequency modulations which vary slightly in length and degree (Selbmann et al., 
2019). The large number of matched sounds, of better quality than all other matches 
measured, allowed to take one of the most comprehensive call measurements in 
comparison to the rest of the analysed data, with a total of forty-eight measurements. 
 

  

Figure 0.25 Matched call type from detection (left, sampling rate: 96kHz; window: Hann; 
FFT size: 4,096) and I71 from the catalogue (right, sampling rate: 192kHz; window: 
Hann; FFT size:4,096) by Selbmann et al. (2019). Y-axis represents Frequency in Hz and 
X-axis represents Time in s. 

Call type I73 (Figure 0.26) was observed only once within the Offshore Northeast 
dataset. It is characterized by a number of frequency shifts, generally beginning with a 
series of clicks (Selbmann et al., 2019), which on the matched sound (left image) are not 
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present due to the low quality of the spectrogram, followed by a short upsweep and an 
even shorter downsweep.  
 

  

Figure 0.26 Matched call type from detection (left, sampling rate: 96kHz; window: Hann; 
FFT size: 4,096) and I73 from the catalogue (right, sampling rate: 192kHz; window: 
Hann; FFT size:4,096) by Selbmann et al. (2019). Y-axis represents Frequency in Hz and 
X-axis represents Time in s. 
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Appendix B 
In this appendix are listed the calls where matches were not certain due to the low 

quality of the spectrograms and/or the presence of only one call.  

The first possible match is from the Offshore northeast with call type I11.3. It looks 
similar in structure and length, both lacking a high frequency contour. Both are simple in 
structure but the call type from the catalogue (right image) has an additional downsweep at 
the end that is not present in the possible match (Figure 0.27).   

  

Figure 0.27 Possible match from detection (left, sampling rate: 96kHz; window: Hann; 
FFT size: 4,096) and I11.3 from the catalogue (right, sampling rate: 64kHz; window: 
Hann; FFT size:2,048) by Selbmann et al. (2019). Y-axis represents Frequency in Hz and 
X-axis represents Time in s. 

The second possible match was found in the East2020 dataset. The possibly matched 
spectrogram (left image) almost looks like an aberrant version of call type I11.4 (right 
image) from Selbmann et al. (2019), ending with a similar down frequency modulation 
(Figure 0.28).  
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Figure 0.28 Possible match from detection (left, sampling rate: 96kHz; window: Hann; 
FFT size: 4,096) and I11.4 from the catalogue (right, sampling rate: 96kHz; window: 
Hann; FFT size:2,048) by Selbmann et al. (2019). Y-axis represents Frequency in Hz and 
X-axis represents Time in s. 

Another possible match to call type I11.64 was encountered in the South dataset. In 
this case the down frequency modulation is missing (left image) but the rest of the call 
shows high similarity with the call from the catalogue (right image; Figure 0.29). 

  

Figure 0.29 I11.4 Possible match from detection (left, sampling rate: 48kHz; window: 
Hann; FFT size: 2,048) and I11.4 from the catalogue (right, sampling rate: 64kHz; 
window: Hann; FFT size:2,048) by Selbmann et al. (2019). Y-axis represents Frequency in 
Hz and X-axis represents Time in s. 

Figure 0.30 illustrates a possible match which looks like an aberrant version of call 
type I11.6, encountered in the East2021 dataset. The possible match (left image) shows, 
although faint, the slightly upsweep high frequency contour typical of the call type and is 
of similar duration. The frequency modulations however seem to be in the middle rather 
than towards the end as it usually is for the call type (right image). 
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Figure 0.30 Possible match from detection (left, sampling rate: 96kHz; window: Hann; 
FFT size: 4,096) and I11.6 from the catalogue (right, sampling rate: 64kHz; window: 
Hann; FFT size:2,048) by Selbmann et al. (2019). Y-axis represents Frequency in Hz and 
X-axis represents Time in s. 

Call type I36 was possibly matched to the Offshore Northeast dataset. The matched 
call (left image) is of a duration and frequency typical of the call, but its low quality did 
not allow for the match to be confirmed (Figure 0.31).  

  

Figure 0.31 Possible match from detection (left, sampling rate: 96kHz; window: Hann; 
FFT size: 4,096) and I36 from the catalogue (right, sampling rate: 64kHz; window: Hann; 
FFT size:2,048) by Selbmann et al. (2019). Y-axis represents Frequency in Hz and X-axis 
represents Time in s. 

Illustrated in Figure 0.32 is the match to call type I42, however the subtype was not 
identifiable.  
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Figure 0.32 This detection from the South dataset was matched to call type I42 from the 
catalogue by Selbmann et al. (2019) but the subtype was not identifiable. Y-axis represents 
Frequency in Hz and X-axis represents Time in s. 

The next call type was encountered in the Offshore Northeast dataset and possibly matched 
I44 from Selbmann et al. (2019). It is described in the catalogue as highly variable hence, 
the most similar call type (right image) was used to compare the possible match. It is 
characterised by a short unique first part which is however not clear in the possible match 
(left image) because of its low quality, therefore not allowing to confirm the match (Figure 
0.33).  

  

Figure 0.32 Possible match from detection (left, sampling rate: 96kHz; window: Hann; 
FFT size: 4,096) and I44 from the catalogue (right, sampling rate: 96kHz; window: Hann; 
FFT size:2,048) by Selbmann et al. (2019). Y-axis represents Frequency in Hz and X-axis 
represents Time in s. 

Figure 0.34 illustrates the possible match to call type I53.2, found in the Offshore 
Northeast dataset. The call type is characterized by both a low and high frequency contour 
(right image); the high frequency contour is however not present in the possible match 
which is of general poor quality.  
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Figure 0.33 Possible match from detection (left, sampling rate: 96kHz; window: Hann; 
FFT size: 4,096) and I53.2 from the catalogue (right, sampling rate: 48kHz; window: 
Hann; FFT size:1,024) by Selbmann et al. (2019). Y-axis represents Frequency in Hz and 
X-axis represents Time in s. 

Call type 53.2 was also possibly matched from a single call found in the South 
dataset. Here, the matching call (left image) does show a high frequency contour (Figure 
0.35). Although similar in structure, the acoustic analysis of the call was not fully 
convincing and, given the presence of only one example it was not possible to confirm the 
match.  

  

Figure 0.34 Possible match from detection (left, sampling rate: 96kHz; window: Hann; 
FFT size: 4,096) and I53.2 from the catalogue (right, sampling rate: 192kHz; window: 
Hann; FFT size:4,096) by Selbmann et al. (2019). Y-axis represents Frequency in Hz and 
X-axis represents Time in s. 

A possible match to call type I55 was encountered in the West1 dataset. Both calls 
have a similar contour where it first increases and then decreases in frequency however, 
the matched sound (left image), was of particularly low quality for acoustic analysis and 
did not fully match the spectrogram view (Figure 0.36).  
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Figure 0.35 Possible match from detection (left, sampling rate: 48kHz; window: Hann; 
FFT size: 2,048) and I55 from the catalogue (right, sampling rate: 64kHz; window: Hann; 
FFT size:2,048) by Selbmann et al. (2019). Y-axis represents Frequency in Hz and X-axis 
represents Time in s. 

The last possible match was found in the East 2020 dataset. Similarities were found 
to call type I64 from the Selbmann et al. (2019) catalogue. Both calls upsweep and lack a 
high frequency contour but whilst the catalogue’s call (right image) terminates in an 
upsweep, the possible match follows a slight downsweep curve (Figure 0.37). Being there 
only one sound possibly matched to this call, it was not possible to confirm the match.  

  

Figure 0.36 Possible match from detection (left, sampling rate: 96kHz; window: Hann; 
FFT size: 4,096) and I64 from the catalogue (right, sampling rate: 192kHz; window: 
Hann; FFT size:4,096) by Selbmann et al. (2019). Y-axis represents Frequency in Hz and 
X-axis represents Time in s. 

 

 


