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ABSTRACT 

 

Effective management of wild animal populations relies on an understanding of their spatio-

temporal distributions, and how they overlap with threats. Passive acoustic monitoring (PAM) 

is a non-invasive method to investigate the distribution of free-ranging species that reliably 

produce sound, and soundscape analysis enables an integrated approach whereby vocal species 

are sampled concurrently with ambient environmental information. Physical and acoustic 

overlaps between soundscape contributors can highlight potential interactions and threats. 

Worldwide, the distributions of baleen whales have proven difficult to study due to logistical 

constraints imposed by their offshore distributions and limited surface time. However, many 

baleen whales reliably produce stereotyped sound, and are therefore suitable to study 

acoustically. In the western South Pacific, weather and sea conditions have particularly 

constrained understanding of baleen whale distributions. Here, four acoustic recorders were 

deployed in the marine environment around central New Zealand to elucidate the spatio-

temporal distributions of ‘data deficient’ baleen whales that frequent the region. The recorded 

data featured notable acoustic contributions from several baleen whale species. Seismic 

surveys, shipping and earthquakes overlapped in time, space, and frequency with baleen whale 

vocalisations, highlighting potential risks and stressors in New Zealand waters. An acoustic 

approach enabled pygmy blue whales (PBWs) to be distinguished from ‘critically endangered’ 

Antarctic blue whales (ABWs). PBWs were detected in the South Taranaki Bight (STB) 

throughout recording periods, and detection area modelling demonstrated that an aggregation 

of PBWs likely occurs in the STB; an industrial area. ABWs and humpback whales migrated 

through central New Zealand seasonally, with both species generally travelling north through 

Cook Strait and the STB, rather than along the east coast of the North Island. ABWs were also 

detected during their breeding season. Based on song content, the humpback whales were likely 

migrating to breed in New Caledonia, or East Australia, and song transmission may occur 

between the two breeding populations in the New Zealand migratory corridor. This study 

highlights the utility of PAM to map the distributions of free-ranging species and potential 

stressors, which can be challenging to study via alternative methods. Such data are essential to 

underpin conservation and management decisions. 
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CHAPTER 1. GENERAL INTRODUCTION 

1 

 

CHAPTER 1. GENERAL INTRODUCTION 

 

1.1. Acoustic monitoring of vocal species 

Passive listening is a non-invasive research technique whereby the presence or absence of 

particular sounds can lead a listener towards certain conclusions. The utility of passive listening 

as a research tool was demonstrated during the Cold War when the US Navy deployed arrays 

of seabed hydrophones (underwater microphones) to sense enemy submarines (Wit, 1981). In 

an environmental context, passive acoustic monitoring (PAM) can be used to study soniferous 

species in their natural habitat, for example, birds and primates in forest environments 

(Alvarez-Berríos et al., 2016; Kalan et al., 2016; Krause, 1992), and marine mammals, fish and 

invertebrates in aquatic environments (Baumgartner et al., 2013; McCauley & Cato, 2000; 

McCauley et al., 2018; Radford et al., 2008a). Acoustic cues, such as individual calls, reveal 

species presence, and distributions and movements can be inferred from acoustic detections 

when multiple sensors are deployed over a large area (Ross et al., 2018). When combined with 

secondary parameters (e.g., cue production rates), acoustic detections can even be used to 

estimate animal density (Marques et al., 2013). PAM is an especially valuable research tool in 

environments such as dense jungle and offshore marine areas where animals are difficult to 

access. Acoustic study methodologies are particularly appropriate in aquatic environments as 

sound propagates more effectively in water than in air, resulting in increased detection ranges. 

Furthermore, as visual cues are limited by light levels that decrease rapidly with depth, many 

aquatic organisms naturally, and reliably, use sound as their primary sensory modality while 

undertaking basic life functions. This enables their study via an acoustic methodology. 

Marine mammals, and specifically the order Cetacea (whales, dolphins and porpoises), 

epitomise the use of underwater sound. Cetaceans can be separated into toothed whales 

(suborder Odontoceti), which typically catch individual prey items, and baleen whales 

(suborder Mysticeti), which filter large numbers of small organisms from the water column. 

Toothed whales produce an array of sound types, including highly directional echolocation 

clicks for prey detection, and tonal whistles for communication (Au, 2002). Baleen whales 

predominantly use low frequency tonal calls for communication and these radiate out from 

calling animals in all directions (Zimmer, 2011); see Stimpert et al. (2007) and Risch et al. 

(2014) for examples of non-tonal baleen whale calls. Hydrophone arrays deployed during the 

Cold War are now used to monitor some species of baleen whale (Stafford et al., 1998), as are 
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ocean-bottom seismometers that have the primary purpose of detecting earthquake activity 

(Matias & Harris, 2015). 

Low frequency sounds propagate widely underwater, particularly in deep water, enabling 

baleen whales to communicate over vast distances (Širović et al., 2007; Stafford et al., 1998). 

Species that are often solitary, such as blue whales (Balaenoptera musculus), produce ‘song’ 

consisting of repeated stereotyped calls that have high levels of redundancy, in order to connect 

with conspecifics that may be far away (McDonald et al., 2006). Humpback whales (Megaptera 

novaeangliae) also produce song (Payne & McVay, 1971), but humpback songs are not 

optimised for long distance propagation (Mercado & Frazer, 1999) and instead feature a 

complex hierarchical structure that evolves over time, which is thought to provide a 

demonstration of male fitness (Payne & McVay, 1971). Bowhead (Balaena mysticetus) and 

North Pacific right whales (Eubalaena japonica) also produce complex song comprised of 

multiple sound types (Crance et al., 2019; Stafford et al., 2018). As a result of their natural 

vocal behaviour, cetaceans lend themselves to study via a PAM methodology and this research 

discipline has proven to be invaluable in the marine mammal field (Gedamke & Robinson, 

2010; Thomisch et al., 2016; van Opzeeland & Hillebrand, 2020; Zimmer, 2011). While visual 

methods to study marine mammals are often limited by the cost and feasibility of accessing 

wide-ranging animals at sea, PAM using autonomous recorders enables cost-effective data 

collection over large spatial and temporal scales. Field costs are incurred only during 

deployment, retrieval and maintenance of acoustic instruments and acoustic recorders can 

function during all hours, and in sea and weather conditions that would limit other forms of 

observation. 

 

1.2. Soundscapes 

In addition to specific soniferous species, PAM provides a means to study all sound-producing 

contributors within an ecosystem in a holistic manner (Miksis-Olds, 2017). The array of 

ambient sounds in an environment is known as a soundscape and commonly comprises 

biophonic (biological), geophonic (geological), and anthrophonic (anthropogenic) sources 

(Krause, 2008). The presence, absence or abundance of biological sounds within a soundscape 

can indicate ecosystem diversity, while natural abiotic sounds can act as indicators of 

meteorological, geological and even glaciological events (Krause, 1992, 2008). Natural 

soundscape characteristics provide information to many species, including penguins and larval 
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marine life, which use ambient sounds to navigate (Radford et al., 2010; Zitterbart et al., 2017). 

Anthropogenic activities that generate underwater sound include shipping, construction, oil and 

gas exploration, military activities, surveying, and navigation (Urick, 1983). In the marine 

environment, increasing human activities since the industrial revolution have raised global 

ocean sound levels, while the ambient contributions of marine organisms and natural events 

have remained fairly constant (Tyack, 2008). As such, the interaction between anthropogenic 

and natural sounds has become of increasing concern, and the impacts that sound can have on 

wild species have been widely studied (Cholewiak et al., 2018; Erbe et al., 2019; Melcón et al., 

2012; Putland et al., 2018; Rossi-Santos, 2015; Tyack, 2008; van Opzeeland & Boebel, 2018). 

The ecological impact of a sound depends on its bandwidth and intensity; different species are 

sensitive to different frequencies of sound, and the distance and propagation environment 

between the sound source and a receiver determines the received level of the sound. For marine 

mammals, underwater sound can cause behavioural responses, chronic stress, missed 

opportunities, displacement, reduction in communication space, and at the broadest level, 

population-level consequences (Dunlop, 2018a; Erbe et al., 2016; Tyack, 2008; Weilgart, 

2007). Anthropogenic acoustic energy is considered a pollutant, and many countries provide 

regulatory guidelines regarding acceptable levels (Erbe, 2013). As both natural and man-made 

sounds can be sensed, PAM provides an efficient method to sample all ambient sound 

contributors in an integrated manner. Soundscape data can inform management and 

conservation decisions by elucidating the spatio-temporal distribution of wildlife and other 

sound contributors enabling possible interactions among acoustic contributors to be identified 

(Putland et al., 2018; Williams et al., 2014).  

In recent decades, acoustic research has advanced greatly with the development of high quality 

hydrophones, recording devices, increased storage capacity and processing tools. Within 

autonomous acoustic recording equipment, duty cycling of sampling regimes can conserve 

memory and battery life, and acoustic data can be recorded relatively cheaply for extended 

periods. Soundscape studies can therefore enable increased understanding of environments that 

are difficult to sample regularly via more traditional means. Many underwater sounds feature 

time and frequency characteristics that are highly stereotyped and globally analogous, and 

PAM has developed into a commonplace, and increasingly standardised, global research tool 

(e.g. ISO 18405). An initial acoustic approach to investigate the ambient environment of an 

area can lead to tailored recommendations for further study using other research tools. 

Recommendations could result from cases where soundscape contributors overlap in time, 
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space, and frequency such that conflict is possible, or from the detection of acoustic signals 

that require further investigation. PAM is constrained by an inability to perceive sounds 

produced outside of the range of detectability, and is unable to provide information about silent 

aspects of a soundscape, but acoustic data obtained via PAM can rapidly increase 

understanding of an environment, particularly in areas where data are lacking. 

 

1.3. Central New Zealand 

Spanning over 30° of latitude in the South Pacific Ocean, the waters of New Zealand 

(Aotearoa) encapsulate a range of marine habitats, from sub-tropical reefs at the Kermadec 

islands in the north, to sub-Antarctic islands in the south (Figure 1.1). Mainland New Zealand, 

comprising the North and South Islands (Te Ika-a-Māui and Te Waipounamu, respectively), 

lies on the fault line between the east-bound Indo-Australian tectonic plate and the west-bound 

Pacific plate. Natural seismic activity in this part of the South Pacific has led to an array of 

topographical and bathymetric features in New Zealand, including sweeping shallow bays, 

fiords, and deep-water canyons, some of which lie close to the coast. 

Cook Strait is a narrow stretch of water that lies between the North and South Islands, 

connecting the Tasman Sea with the Pacific Ocean (Figure 1.1). The Strait is 23 km wide at 

its narrowest point and up to 300 m deep. As the only central waterway between the east and 

west coasts of New Zealand, and the North and South Islands, Cook Strait is an important 

shipping channel. Within the Strait, tidal flows exhibit the dynamics of a standing wave due to 

antithetical tidal cycles at the east and west entrances, and wind and swell that prevail from the 

west are funnelled through the Strait’s narrow aperture (Harris, 1990). As such, poor weather, 

rough sea conditions and turbidity are common in Cook Strait (Stevens et al., 2019), making it 

a challenging place to conduct research despite its close proximity to land. The marine region 

around Cook Strait is highly varied. To the west, the Strait exits into the large shallow bay of 

the South Taranaki Bight (STB). Due to large sub-sediment reserves, the STB currently hosts 

all of New Zealand’s active oil and gas extraction industry (Gregg & Walrond, 2006). Seismic 

exploration for further reserves occurs around New Zealand, limited to lease blocks with active 

permits. To the east, Cook Strait canyon descends steeply to oceanic waters over 1000 m deep 

(Figure 1.1). The natural harbour of Wellington lies to the north, while the complex fiords of 

the Marlborough Sounds feed into the Strait from the south (Figure 1.1). This diverse marine 

area, hereafter referred to as central New Zealand, supports a variety of marine life. 
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Figure 1.1. A) Map of New Zealand with key locations. B) Inset of central New Zealand and the acoustic 

recording locations. 

 

Worldwide, deep-sea canyons provide suitable habitat for many marine top predators (Jones et 

al., 2019; McGarry et al., 2006; Mussi et al., 2014; Schoenherr, 1991; Whitehead, 2013). The 

Cook Strait and Kaikōura canyons that lie close to the east coast of central New Zealand host 

an array of deep-diving toothed whale species year-round, including sperm whales (Physeter 

macrocephalus) and beaked whales (family Ziphiidae) (Giorli & Goetz, 2019a, 2019b; Giorli 

et al., 2018; Guerra et al., 2017; Guerra et al., 2020; Miller et al., 2013; Sagnol et al., 2014; 

Thompson et al., 2013). Oftentimes, whales are attracted to canyon areas by high productivity 

promoted by seasonal upwelling (e.g. Rennie et al., 2009), however, in central New Zealand, 

upwelling occurs along the west coast of the South Island at Kahurangi Shoals, driven by 

prevailing winds (Chiswell et al., 2017; Stevens et al., 2019) (Figure 1.1). Upwelled waters 

flow north into the shallow STB, promoting primary productivity that often leads to an increase 

in zooplankton populations. As such, the STB provides a key foraging area for baleen whales, 

in particular pygmy blue whales (B. m. brevicauda) (Olson et al., 2015; Torres, 2013; Torres 

et al., 2020). 
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1.4. Baleen whales in New Zealand 

Baleen whales need to consume large amounts of prey due to their large size and diets that 

consist of small prey items (Goldbogen et al., 2019). Some baleen whale species migrate 

annually between productive high latitude feeding grounds and breeding areas in warmer 

waters (Stern, 2002). Those that breed in the western South Pacific commonly migrate through 

New Zealand waters due to the location and diagonal position of New Zealand across multiple 

degrees of latitude and longitude (Franklin et al., 2014; Gales et al., 2009; Garrigue et al., 2010; 

Gibbs et al., 2017; Miller et al., 2014; Riekkola et al., 2018; Steel et al., 2014). The ‘critically 

endangered’ Antarctic blue whale (B. m. intermedia) (Cooke, 2018) occurs seasonally in New 

Zealand waters (McDonald, 2006), in addition to pygmy blue whales, which have been 

recorded in the productive STB region year-round (Barlow et al., 2018). Besides blue whales, 

the diverse marine habitats of New Zealand are frequented most notably by Bryde’s whales 

(Balaenoptera edeni brydei), humpback whales, southern right whales (Eubalaena australis), 

fin whales (Balaenoptera physalus) and sei whales (Balaenoptera borealis) (Baker & Madon, 

2007; Baker et al., 2019; Carroll et al., 2014; Dawbin, 1956; McDonald, 2006; Patenaude, 

2003; Patenaude et al., 1998; Steel et al., 2014; Stephenson et al., 2020). Accordingly, New 

Zealand is a global hotspot for cetaceans (Kaschner et al., 2011; Pyenson, 2011) and 

approximately half of all known cetacean species have been noted via sightings, strandings and 

acoustic detections (Baker et al., 2019). However, the national conservation status of most 

baleen whale species is regarded as ‘data deficient’ (Baker et al., 2019). Difficulty in accessing 

offshore areas has constrained baleen whale research worldwide and is compounded in New 

Zealand by the rough seas and poor weather conditions that frequently affect the marine 

environment. 

Cook Strait is an important migratory corridor for large whale species that pass through New 

Zealand waters. Consequently, land-based whaling operations existed in the region until the 

1960’s, primarily targeting humpback whales (Clapham et al., 2009; Dawbin, 1956). As a 

result, the number of migrating humpback whales sighted around New Zealand declined from 

10,000 to 250 – 500 whales per year (Chittleborough, 1965; Paterson & Paterson, 1989). 

Commercial and illegal whaling in the mid to late 1900’s led to the rapid decline in population 

size of many whale species in the southern hemisphere (Clapham & Baker, 2018). Worldwide, 

blue whale populations were decimated by whaling; their large size made them one of the most 

targeted species (Branch et al., 2007). Following the cessation of whaling, whale populations 

that frequent New Zealand waters have recovered to differing extents. Migrating humpback 
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whales are increasingly sighted in New Zealand, including through Cook Strait (Constantine 

et al., 2012; Gibbs & Childerhouse, 2000; Gibbs et al., 2017; Noad et al., 2019), and southern 

right whales (Eubalaena australis) have begun to return to mainland habitats to breed during 

austral winter (Carroll et al., 2014). For species that occur more commonly offshore, such as 

blue whales and fin whales, the effects of whaling on population size, and the success of any 

recovery are poorly understood (Branch et al., 2007). Present-day information regarding the 

populations and distributions of these species is vital for their management. 

 

1.5. Central New Zealand; a possible hotspot of acoustic activity 

PAM provides a promising, non-invasive method to collect data pertaining to the temporal and 

spatial distributions of baleen whales in New Zealand waters, which are challenging to study 

using alternative methods. Such information is essential to inform conservation, particularly 

for species that are listed globally as ‘critically endangered’ (IUCN, 2020). PAM can also 

collect data on the marine soundscapes in which the whales are found, resulting in enhanced 

understanding about the presence and distributions of other soniferous species, geophonic, and 

anthrophonic sources. The land masses and bathymetry present in central New Zealand 

effectively create several distinct marine environments, and quantifying the variation present 

in the marine soundscape should lead to an integrated and holistic overview of the region. A 

fundamental baseline of understanding is necessary to compare with any future measurements 

to examine environmental changes over time. 

Vessels of all sizes can contribute high levels of acoustic energy underwater (Hermannsen et 

al., 2019; Merchant et al., 2012). The port of Wellington is the sixth largest in New Zealand 

(https://www.championfreight.co.nz/largest-nz-ports), and vessel traffic also frequents the 

nearby ports of Nelson and Lyttelton, creating shipping routes along both coasts as well as 

through Cook Strait (http://www.lpc.co.nz/about-us/fast-facts/) (Figure 1.1). Inter-island 

ferries also traverse Cook Strait up to fourteen times each day 

(https://www.greatjourneysofnz.co.nz/interislander/ & https://www.bluebridge.co.nz/), and 

central New Zealand is a productive fishing ground with vessel activity from both commercial 

and recreational fishers. Cook Strait features a coarse pebble seabed (Figure 1.2) that is liable 

to resonate acoustic emissions, such as the sound of vessel traffic. In addition, the Strait could 

feature a concentration of meteorological sound due to weather systems that are funnelled 

through its narrow aperture from the west (Bom, 1969; Heindsmann et al., 1955; Knudsen et 

https://www.championfreight.co.nz/largest-nz-ports
http://www.lpc.co.nz/about-us/fast-facts/
https://www.greatjourneysofnz.co.nz/interislander/
https://www.bluebridge.co.nz/


CHAPTER 1. GENERAL INTRODUCTION 

8 

 

al., 1948; Scrimger et al., 1987; Wenz, 1962). Frequent earthquake activity in the region could 

also be reflected in the marine soundscape. 

Marine organisms often rely on sound for specific functions, but humans also intentionally 

produce underwater noise. Exploratory seismic surveys for oil and gas reserves introduce 

acoustic energy into the water column with the aim to improve the geological knowledge of an 

area. Digital 3D seismic surveys, using towed airguns, have been conducted in the marine 

environment since the 1950’s (Sternlicht, 1999). Extraction, maintenance and 

decommissioning activities related to the oil and gas industry also release sound into the 

environment, and all of these likely occur in the STB. Other commercial activities, including 

dredging and construction, also produce underwater sound (Borggaard et al., 1999; Reine et 

al., 2014). The shallow, sand and mud bottomed environment of the STB (Figure 1.2) may 

constrain the propagation of sound (Bostock et al., 2019; Buckingham & Jones, 1987; Wille, 

2005), but deep waters to the east of New Zealand (Figure 1.1) could enable vast propagation 

distances, particularly for low frequency sound, such as airgun pulses (Stafford et al., 1998). 

As hunted whale populations re-establish in former habitats around New Zealand, they are 

likely to encounter anthropogenic activities, such as seismic surveying, shipping, and large-

scale fishing, which did not historically occur in the region. PAM could identify areas where 

whales could encounter threats. During 2017, the STB became an area of particular political 

interest. A proposal to commence the mining of iron-rich mineral sands from the seabed 

(https://www.ttrl.co.nz/projects/) was followed by a proposal to designate the same area as a 

marine mammal sanctuary due to the year-round presence of pygmy blue whales 

(https://www.greens.org.nz/whale-sanctuary). Both proposals highlighted knowledge gaps 

regarding the marine environment of the region, and animal presence and movements within. 

The reliability of baleen whales to produce loud, stereotyped sounds promotes PAM as an ideal 

methodology to increase understanding about baleen whales around New Zealand. 

Long-term PAM has previously taken place within New Zealand’s marine environment. A 

Comprehensive Test Ban Treaty listening station has been recording the marine environment 

off Great Barrier Island (Aotea) in the Hauraki Gulf since the 1950’s (Helweg, 1998; 

Kibblewhite et al., 1967; McDonald, 2006), and the ambient acoustic environment has recently 

been studied in the Hauraki Gulf (Putland et al., 2017; Radford et al., 2008a; Radford et al., 

2008b; Radford et al., 2010), and Kaipara Harbour (Pine et al., 2015). However, no soundscape 

studies have taken place around central New Zealand and this region provides a diverse array 

https://www.ttrl.co.nz/projects/
https://www.greens.org.nz/whale-sanctuary
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of environments, marine life, and anthropogenic activities that are dissimilar to conditions 

found elsewhere in New Zealand. 

 

 

Figure 1.2. Percentage contributions of A) mud, B) sand, C) gravel and D) carbonate rock to the seabed 

sediments in central New Zealand. White colour = 0% coverage, dark colour = 100% coverage. Modified from 

Bostock et al. (2019). Acoustic recording locations used in this study are included for context; 2016 (black 

circles) and 2017 (white triangles). 
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1.6. Thesis objectives 

The aim of this thesis was to undertake a passive acoustic study of the complex marine 

environment of central New Zealand, with a focus on the distribution of baleen whales. The 

project will address the following key objectives: 

 To increase understanding of the presence and distribution of baleen whales in central 

New Zealand. 

 To document ambient noise in the marine environment of central New Zealand and to 

examine how it varies temporally and spatially. Within the scope of this objective, 

overlaps and interactions between sound producers were examined. 

The acoustic data analysed in this thesis were collected by Autonomous Multi-channel 

Acoustic Recorders (AMARs, JASCO Applied Sciences Ltd) deployed around central New 

Zealand during 2016 and 2017 (Appendix 1). Seven acoustic moorings were deployed by the 

National Institute for Water and Atmospheric Research (NIWA), and this project focuses on 

data from four locations: the STB on the western central coast; Cook Strait; and two locations 

off the eastern central coast (Wairarapa in the North Island, and Kaikōura on the South Island) 

(Figure 1.1). 

Within the two overarching objectives of the thesis, the research is presented as five chapters, 

three of which examine the acoustic data. 

 Chapter 1. A general introduction to passive acoustic monitoring and soundscape 

analyses, and their applications as research tools, particularly in marine environments.  

This chapter also provides an introduction to baleen whales and their acoustic 

behaviour, in order to demonstrate the applicability of an acoustic study methodology 

to learn about their movements and distribution. The study region is described, and the 

purpose of the thesis is presented. 

 Chapter 2. An analysis of the spatial and temporal variation present in the marine 

soundscape of central New Zealand. The aims of this chapter were to obtain an acoustic 

overview of baleen whale distributions in the region, and to quantify other contributors 

to the marine soundscape. The second objective enabled a holistic assessment of 

potential risks faced by baleen whales, while providing a foundation of information 

about the marine soundscape of the region. Within the analyses undertaken for this 

chapter, blue and humpback whales were noted to dominate certain aspects of the 

soundscape, and these species became the focus for the following chapters. 
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 Chapter 3. An in-depth study of the presence and distributions of pygmy blue whales 

and ‘critically endangered’ Antarctic blue whales in central New Zealand. The two sub-

species co-occur around New Zealand, but are considered ‘data deficient’ at a national 

level due to challenges in visual sub-species identification and access. Sub-species 

specific calls enabled straightforward identification, and transmission loss modelling 

allowed for comparisons to be made among recording locations, highlighting areas of 

critical importance. This chapter provides sub-species specific insights into the 

distributions of blue whales in New Zealand waters, which would have been impossible 

to obtain via a non-acoustic approach. 

o Warren, V.E., Širović, A., McPherson, C., Goetz, K.T., Radford, C.A., and 

Constantine, R. (2020). Passive acoustic monitoring reveals spatio-temporal 

distributions of Antarctic and pygmy blue whales around central New Zealand. 

Frontiers in Marine Science, doi:10.3389/fmars.2020.575257. 

 Chapter 4. The aim of this chapter was to determine the spatio-temporal distribution 

of singing humpback whales migrating through central New Zealand waters. As 

humpback whales sing population-specific songs, additional acoustic data were 

obtained from winter breeding areas in East Australia and New Caledonia in order to 

provide context to the song recorded in central New Zealand. In addition to information 

about migratory timing in New Zealand, this chapter provides novel insights into both 

population connectivity among western South Pacific humpback whale breeding 

populations, and the cultural transmission of their song. 

o Warren, V.E., Constantine, R., Noad, M., Garrigue, C., and Garland, E.C. 

(2020). Migratory insights from singing humpback whales recorded around 

central New Zealand. Royal Society Open Science, 7:201084. 

http://doi.org/10.1098/rsos.201084. 

 Chapter 5. A general discussion that considers the findings on baleen whale 

distributions in central New Zealand in light of the marine soundscapes in which they 

were recorded. This chapter highlights the advantages and disadvantages of passive 

acoustic monitoring as a study technique and provides possible future research areas. 
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CHAPTER 2. MARINE SOUNDSCAPE VARIATION REVEALS 

INSIGHTS INTO BALEEN WHALES AND THEIR 

ENVIRONMENT: A CASE STUDY IN CENTRAL NEW ZEALAND 

 

2.1. Introduction 

Ambient acoustic environments, or soundscapes, consist of cumulative contributions from 

biological (biophonic), abiotic (geophonic), and man-made (anthrophonic) sound sources 

(Krause, 2008). Globally, baleen whales are major biophonic contributors to marine 

soundscapes due to their loud, stereotyped communication calls, which are often emitted 

repeatedly as song (Donald et al., 2002; McDonald et al., 2006; Payne & McVay, 1971). The 

detection of baleen whale calls in acoustic data can provide insights into their distributions and 

movements, and locations of critical habitat (Hannay et al., 2013; Leroy et al., 2016; McCauley 

et al., 2018; Širović et al., 2004; Stafford et al., 2011; van Opzeeland & Hillebrand, 2020). 

Passive acoustic monitoring (PAM) using moored autonomous instruments is a useful method 

to study baleen whales, and other vocal species, consistently over time and space in areas that 

are challenging to access, such as polar regions and open ocean (Haver et al., 2017; Leroy et 

al., 2016; Menze et al., 2017; Thomisch et al., 2016; van Opzeeland & Hillebrand, 2020). An 

acoustic approach can collect multi-species data and rapidly increase understanding about free-

ranging vocal species (e.g., van Opzeeland & Hillebrand, 2020). 

Baleen whales are vulnerable to natural threats, such as predation and disease, as well as an 

array of anthropogenic threats, including entanglement in fishing gear, habitat degradation, and 

ship strike (Thomas et al., 2016). Underwater sound can also be a stressor for marine mammals. 

Acoustic signals that are perceived as threatening can generate acute physical and behavioural 

responses, as well as chronic effects, including stress and displacement (Nowacek et al., 2015; 

Rolland et al., 2012; Tyack, 2008). Furthermore, the range over which baleen whale calls are 

detectable has been shown to decrease when other sound sources occur in the same frequency 

bands (Cholewiak et al., 2018; Dunlop, 2019; Erbe et al., 2016; Hatch et al., 2012; Payne & 

Webb, 1971; Putland et al., 2018; Tyack, 2008; Weilgart, 2007). Reductions in communication 

and listening ranges can result in missed opportunities to reproduce or maintain fitness, lack of 

appropriate behavioural responses, and if danger is unable to be perceived, increased risk (Erbe 

et al., 2016; Tyack, 2008). Sound exposure as a stressor can occur in isolation; as an aggregate 

exposure resulting from several sound sources; or cumulatively with other non-sound stressors 
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experienced by free-ranging animals (National Research Council, 2005). If vital rates of 

individual animals are affected by stressors, population-level consequences can occur (Clark 

et al., 2009; National Research Council, 2005; Pirotta et al., 2018; Tyack, 2008). 

Effective management relies on a foundation of knowledge about the prevalence and 

distributions of wild species and anthropogenic activities, as well as the potential interactions 

and relationships that can occur between them. Soundscape analysis permits an integrated 

approach to study free-ranging vocal species while concurrently collecting information 

regarding some potential stressors, which can be used to inform risk assessment frameworks 

(Moore et al., 2012; National Research Council, 2005; Nowacek et al., 2015). Temporal and 

spatial overlaps between biophonic and anthrophonic soundscape contributors pinpoint where 

wildlife and human activities occur concurrently, and additional spectral overlap between 

contributors can be indicative of acoustic interference (van Opzeeland & Boebel, 2018). In 

areas where knowledge gaps exist, soundscape analysis provides a suitable research tool to 

holistically increase understanding and inform management decisions. Specific examples 

where soundscape data are valuable include Arctic areas, occupied by many threatened species, 

that are becoming accessible as summer ice cover reduces (Ahonen et al., 2017; Moore et al., 

2012), and areas proposed for development (Pine et al., 2015). Here, we present a case study 

in New Zealand to demonstrate the utility of soundscape analysis to increase understanding in 

a data deficient area where anthropogenic activity occurs within a diverse marine environment. 

We aim to tease apart specific elements of a marine soundscape to investigate the distributions 

of individual natural and anthropogenic elements, and provide insight into how these 

contributors could interact. Identification of interactions is the first step towards risk 

assessment and potential mitigation. 

Relatively little is known about baleen whale distributions and movements around New 

Zealand due to constrained research opportunities arising from the logistical challenges of 

reaching animals in offshore areas that are often characterised by rough sea conditions 

(Chiswell et al., 2017; Stevens et al., 2019; Stevens et al., 2011; Walters et al., 2010). Indeed, 

of the ten baleen whale species assigned a national conservation status in New Zealand, seven 

are listed as ‘data deficient’ (Baker et al., 2019), including the Antarctic blue whale (B. m. 

intermedia), which is listed as ‘critically endangered’ at the global level (Cooke, 2018). Central 

New Zealand is an ideal case study region because the region is likely to offer a diverse array 

of sound types due to high biodiversity, complex oceanography, and numerous anthropogenic 

activities. For example, Cook Strait, the main central waterway in New Zealand, hosts a 
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commercial shipping route, an inter-island ferry crossing, a migratory corridor for baleen 

whales, and acts as a bottleneck for weather and sea conditions (Dawbin, 1956; Gibbs et al., 

2017; Harris, 1990; Stevens & Smith, 2009; Walters et al., 2010). In this case study, 

autonomous acoustic recorders were deployed around central New Zealand to i) learn more 

about the spatio-temporal distributions of baleen whales in an area with little existing 

information, and ii) to quantify how and why ambient sound levels varied throughout the 

region. The second objective enabled a holistic assessment of potential risks faced by baleen 

whales, while providing a foundation of information about the marine soundscape of the region, 

which will be of value for future management. 

 

2.2. Methodology 

2.2.1. Data collection 

Four Autonomous Multi-channel Acoustic Recorders (AMARs, JASCO Applied Sciences) 

were deployed from early June to mid-December 2016 around central New Zealand: in the 

South Taranaki Bight; in the narrows of Cook Strait; north-east of Kaikōura; and off the east 

coast of Wairarapa (henceforth referred to as STB, Cook Strait, Kaikōura and Wairarapa) 

(Figure 2.1, Table 2.1). Three AMARs were redeployed between late-February and early 

September 2017: two in the same relative Kaikōura and Wairarapa locations and one in STB, 

25.2 km southeast of the first STB deployment location (Figure 2.1, Table 2.1). A recorder 

was not redeployed in Cook Strait in 2017. The AMARs in Cook Strait and STB were bottom-

mounted on metal baseplates, with the hydrophone 75 cm off the seafloor, in water depths less 

than 300 m (Figure A1.1). At Kaikōura and Wairarapa, ultra-deep AMARs were deployed in 

water depths exceeding 1000 m and were moored on vertical line moorings, approximately 10 

m above the seabed, with the hydrophones mounted to the AMARs (Figure A1.2). All AMARs 

were retrieved via the use of acoustic releases and buoyancy aids. 

Acoustic sampling was duty cycled over 900 seconds: 630 seconds at a sampling rate of 16 

kHz, 125 seconds at a sampling rate of 250 kHz, and 145 seconds of sleep. Only files with 16 

kHz sampling rate were considered in this study due to the focus on low frequency baleen 

whale sounds. Recorder sensitivity was calibrated via pistonphone, and all data were corrected 

by frequency- and recorder-specific sensitivity curves. The nominal pressure sensitivity level 

of the hydrophones was -165 dB re 1 V/µPa (± 1 dB) from 10 Hz to 100 kHz. The pressure 

spectral density noise floor was limited by the hydrophone preamplifier at 32 dB re 1 µPa2 / 
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Hz. Analyses focused on frequency values between 10 - 7000 Hz to omit high energy 

infrasound and the effect of Nyquist roll-off close to 8000 Hz. 

 

Table 2.1. Acoustic deployment information per recording location (time standard: UTC). 

 
South Taranaki 

Bight 
Cook Strait Wairarapa Kaikōura 

Deployment 1 

Position 40.42°S, 174.50°E 41.09°S, 174.55°E 41.61°S, 175.90°E 42.31°S, 174.21°E 

Water depth (m) 110 252 1481 1251 

Deployment 4 June 2016 4 June 2016 5 June 2016 6 June 2016 

Retrieval 20 Dec 2016 19 Dec 2016 21 Dec 2016 21 Dec 2016 

Deployment 2 

Position 40.53°S, 174.76°E - 41.61°S, 175.90°E 42.31°S, 174.21°E 

Water depth (m) 112 - 1486 1254 

Deployment 23 Feb 2017 - 22 Feb 2017 21 Feb 2017 

Retrieval 29 Aug 2017 - 30 Aug 2017 8 Sept 2017 

 

2.2.2. Acoustic Processing 

Acoustic analyses were conducted in MATLAB (The MathWorks Inc., R2016b). Power 

spectral density (PSD) was calculated with 1 Hz resolution for each 630 s, 16 kHz file using a 

Fast Fourier Transform with window length of 16,000 samples (Hanning window) and 80% 

overlap (pwelch function, MATLAB). The PSD outputs were utilised to compute spectral 

probability density (SPD) (Merchant et al., 2013) with PSD bin widths of 1 dB re 1µPa2 / Hz. 

The SPDs were calculated per deployment, and per month, at each station. In order to 

investigate temporal trends and broadband sounds, long-term spectral averages (LTSAs) were 

generated by concatenating the 1 Hz resolution PSD data for all files and displaying as scaled 

colours. Daily decidecade band medians centred at 12.5, 25, 63, 125, 250, 1000 and 4000 Hz 

were calculated from the per-file PSD outputs per station and deployment by integrating PSD 

values within linear space (International Organization for Standardization, 2017). 
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Figure 2.1. Map of central New Zealand, in context with its location in mainland New Zealand (inset). AMAR 

deployment locations illustrated by black circles (first deployment, June to December 2016) and white triangles 

(second deployment, February to September 2017). Location of the weather station in Wellington (yellow 

circle), boundaries of earthquake data (open red box), operational borders of the PGS Taranaki South 3D 

seismic survey (purple filled area) and Schlumberger Pegasus Basin 3D seismic survey (red filled area) are also 

illustrated. 
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2.2.3. Analysis of soundscape contributors 

Biophonic 

Data files corresponding to periods of raised PSD were individually examined to determine the 

origins of the increased acoustic energy. Specific features within the data were visualised as 

spectrograms in PAMlab-Lite (JASCO Applied Sciences, 2017). Cetacean species were 

identified by comparing spectrograms of detected sounds with spectrograms of known calls 

produced by the same or similar species elsewhere (McDonald et al., 2006; Miller et al., 2014; 

Payne & McVay, 1971; Risch et al., 2014; Širović et al., 2009; Tremblay et al., 2019; Webster 

et al., 2016). For other suspected biophonic sounds that were not thought to be produced by 

marine mammals, sound levels were examined against day and night time indicators (obtained 

for the location of Wellington and applied across all sites 

(https://www.gaisma.com/en/location/wellington.html)) as biological sounds often feature diel 

cycles as well as seasonal trends. 

 

Anthrophonic 

Worldwide, shipping noise concentrates in 1/3-octave bands centred at 63 Hz and 125 Hz 

(Tasker et al., 2010). Here, the contribution of vessel noise to the soundscape was examined 

via decidecade bands centred at 63 Hz and 125 Hz (decidecade bands are approximately 

equivalent to 1/3-octave bands). Vessel contributions were also illustrated by LTSAs and SPD 

analyses. 

Information regarding seismic survey activity conducted around central New Zealand during 

the recording periods was derived from Marine Mammal Impact Assessments (MMIA) 

available from the New Zealand Department of Conservation website 

(https://www.doc.govt.nz/our-work/seismic-surveys-code-of-conduct/marine-mammal-

impact-assessments/). Operational area coordinates were obtained from the MMIAs, or Land 

Information New Zealand ‘Notices to Mariners’ (https://www.linz.govt.nz/sea/maritime-

safety/notices-mariners). Seismic survey pulse sequences were detected in the data using an 

automated detector, for which full details are provided by Martin (2013). Detections were made 

on a daily scale and compared against the known periods of seismic survey activity from the 

above sources. 

  

https://www.gaisma.com/en/location/wellington.html)
https://www.doc.govt.nz/our-work/seismic-surveys-code-of-conduct/marine-mammal-impact-assessments/
https://www.doc.govt.nz/our-work/seismic-surveys-code-of-conduct/marine-mammal-impact-assessments/
https://www.linz.govt.nz/sea/maritime-safety/notices-mariners
https://www.linz.govt.nz/sea/maritime-safety/notices-mariners
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Geophonic 

Weather data were obtained from the CliFlo database (https://cliflo-niwa.niwa.co.nz/) for the 

weather station located at Greta Point, Wellington (Figure 2.1). Hourly rainfall and average 

hourly wind speed were obtained for both acoustic deployment periods. Twenty-four-point 

(one day) moving averages were placed over the hourly rain and wind data to clarify periods 

of persistent weather. Within the averaged data, the total ranges of wind and rain were split 

into three and classified as ‘low’, ‘medium’ or ‘high’ (Table 2.2). Rain was also classified as 

‘no rain’ if the average value was 0 mm (Table 2.2). For each of the four recording locations, 

the 630 s acoustic file corresponding to the timestamps of each wind and rain scenario were 

extracted, and the median PSD was calculated for each weather scenario to examine the impact 

of varying wind speed and rainfall on the marine soundscape. 

Wave statistics were obtained from the NZWAVE-NZCSM wave forecast, an implementation 

of the third generation wave model Wavewatch III® Version 4.18, part of NIWA’s operational 

environmental forecasting system. Significant wave heights (SWH, mean height of the highest 

33% of waves) were extracted for the latitude and longitude of each AMAR location across 

both deployment periods. The total range of SWHs was split into three to indicate ‘low’, ‘mid’ 

and ‘high’ SWH scenarios (Table 2.2). The median PSDs of acoustic files recorded with the 

same timestamps as the ‘low’, ‘mid’ and ‘high’ wave scenarios were calculated and compared 

to examine the influence of wave activity on the soundscape. 

Modelled sea level (tidal) data from the two deployment periods were obtained for acoustic 

recording locations from NIWA’s online tide forecaster 

(https://www.niwa.co.nz/services/online-services/tide-forecaster). Timestamps of high tide, 

low tide, mid-flood tide (low tide +3 hours) and mid-ebb tide (low tide –3 hours) were 

extracted, and the median PSDs of the corresponding acoustic data at each station were 

computed and visualised per tidal state. 

The timings and magnitudes of all earthquakes (exceeding magnitude 0.5) that occurred during 

the two deployment periods, between 40 – 43°S, 173 – 177°E (Figure 2.1), were extracted 

from the Geonet database (https://www.geonet.org.nz/) and used to examine the effect of 

natural seismic activity on the soundscape of the region. 

 

https://www.niwa.co.nz/services/online-services/tide-forecaster
https://www.geonet.org.nz/


CHAPTER 2. MARINE SOUNDSCAPE OF CENTRAL NEW ZEALAND 

19 

 

Table 2.2. Category values for rainfall and wind speed scenarios, based on data from Greta Point, Wellington. 

Also, category values for modelled significant wave height scenarios, based on modelled wave height data across 

all four recording locations. 

 No Low Mid High 

Rainfall (mm) 0 0 - 1.3 1.3 - 2.6 2.6 - 3.9 

Wind speed (m/s) n/a 2.1 - 10.9 10.9 - 19.8 19.8 - 28.6 

Modelled 

significant wave 

height (m) 

n/a 0.1 – 3.4 3.5 – 6.7 6.8 – 10.2 

 

 

2.3. Results 

At all recording locations, median PSDs were highest below 100 Hz, ranging from 75 – 97 dB 

re 1µPa2 / Hz. Above 100 Hz, sound levels decreased to values of 49 – 55 dB re 1µPa2 / Hz at 

7000 Hz (Figure 2.2). At Cook Strait, PSD at frequencies above 70 Hz exceeded other stations 

by approximately 5 dB re 1µPa2 / Hz while following the same overall trend (Figure 2.2). Dips 

in PSD at 1500 and 2000 Hz occurred consistently during both deployments at Wairarapa and 

Kaikōura (Figure 2.2). This was an artefact resulting from destructive interference due to the 

separation distance between the AMAR hydrophone and the spherical glass floats deployed at 

these deep-water locations and was not a true feature of the soundscape. 

Between approximately 300 and 1000 Hz, the probability of a given PSD value (its SPD) 

showed central tendencies for each 1 Hz value, at all recording locations (Figure 2.3). SPD 

showed greater variation at lower and higher frequencies. At STB and Cook Strait, variation 

below 100 Hz occurred across PSDs of 60 to 120 dB re 1µPa2 / Hz (Figure 2.3). At Wairarapa 

and the first deployment at Kaikōura, a visible separation occurred in the SPD’s at frequencies 

below 250 Hz and 100 Hz, respectively. At both locations, the two low frequency SPD modes 

were centred around 80 dB re 1µPa2 / Hz and 100 dB re 1µPa2 / Hz (Figure 2.3). This implied 

that some of the data from Wairarapa and Kaikōura contained low frequency sound energy that 

was approximately 20 dB re 1µPa2 / Hz louder than data recorded at other times during the 

deployments. 
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Figure 2.2. Median power spectral density (PSD) per station, per deployment (solid line = June to December 

2016, dotted line = February to September 2017), 1 Hz frequency resolution. An AMAR was not redeployed in 

Cook Strait in 2017. PSD dips at 1500 and 2000 Hz at Kaikōura and Wairarapa were due to destructive 

interference and were not true features of the soundscape. 

 

 

Figure 2.3. Spectral probability density (SPD) per Hz of ambient sound recorded at A) South Taranaki Bight, 

B) Cook Strait, C) Wairarapa, and D) Kaikōura for the 2016 (left) and 2017 (right) deployments. The 

probability of a given power spectral density (PSD) at a given frequency is represented as colour (colour bar is 

applicable to all axes). An AMAR was not redeployed in Cook Strait in 2017. PSD dips at 1500 and 2000 Hz at 

Wairarapa and Kaikōura were due to destructive interference and were not true features of the soundscape. 
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2.3.1. Biophony 

Baleen whales 

Calls from two sub-species of blue whale were recorded in the region and contributed 

significantly to the marine soundscape. Pygmy blue whale calls contributed sound energy that 

peaked at 16/17 Hz and 23 Hz (Figure 2.4 and Figure 2.5). These calls were most apparent in 

the STB soundscape where they were evident throughout both deployment periods (Figure 2.2 

and Figure 2.3), particularly during March and April 2017 (Figure 2.6 and Figure 2.7). 

Pygmy blue whale calls were also apparent at Kaikōura during March 2017 (Figure 2.6). 

Antarctic blue whale calls (known as ‘Z’ calls) contributed acoustic energy at 17/18 Hz and 26 

Hz (Figure 2.4) and were notable in the soundscape recorded at Kaikōura at the end of June 

2016 (Figure 2.6). Song produced by humpback whales (Megaptera novaeangliae) was 

evident in the soundscape of the STB between 250 and 400 Hz during July 2016 (Figure 2.4, 

Figure 2.5, and Figure 2.6). The ‘bio-duck’ vocalisation of the Antarctic minke whale 

(Balaenoptera bonaerensis) (Risch et al., 2014) was also noted (Figure 2.4) as the broadband 

pulsed nature of this sound caused false positive detections by the seismic survey detector. 

‘Bio-duck’ detections occurred at STB in early October 2016 and at Kaikōura in August 2016 

and July 2017. It is not known how reflective these detections are of the actual spatial and 

temporal presence of Antarctic minke whales. 

 

Other biophonic sources 

During spring, summer and autumn, PSD was raised between approximately 600 and 1100 Hz 

(Figure 2.3) at all recording locations to varying extents (Figure 2.6). As well as seasonal 

variation, diel variation was also evident in this soundscape contributor; when this sound was 

present, the 1000 Hz-centred decidecade band level was higher during daylight hours than 

during hours of darkness (Figure 2.8). The individual calls associated with the raised frequency 

band were not evident in the recordings, but the seasonal and diel patterns of the sound implied 

a biophonic source, and the occupied frequency band did not match the frequency of known 

marine mammal vocalisations. 
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Figure 2.4. Baleen whale vocalisation spectrograms. A) Pygmy blue whale calls, South Taranaki Bight, 16 July 

2016. B) Antarctic blue whale Z calls, Kaikōura, 27 June 2016. C) Humpback whale song, South Taranaki 

Bight, 22 July 2016. D) Antarctic minke whale ‘bio-duck’, South Taranaki Bight, 2 October 2016. A and B) 

Spectrogram computed with frequency resolution of 0.244 Hz, 2 s Hamming-windowed data and 75% overlap. 

C and D) Spectrogram computed with frequency resolution of 1.95 Hz, 0.128 s Hamming-windowed data and 

75% overlap. Note scale differences on all axes. 

 

 

Figure 2.5. Monthly spectral probability densities of data recorded at South Taranaki Bight featuring baleen 

whale calls. The probability of a given power spectral density (PSD) at a given frequency is represented as 

colour. A) In April 2017, pygmy blue whale calls generated peaks in PSD at 16/17 and 23 Hz (grey box). B) In 

July 2016, humpback whale song generated a peak in PSD between 250 and 400 Hz (grey box). Note scale 

differences on both axes. 
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Figure 2.6. Long-term spectral averages of A) South Taranaki Bight (STB), B) Cook Strait, C) Wairarapa, and 

D) Kaikōura for both deployments. White areas indicate periods when the AMARs were not deployed. The 

power spectral density of a given frequency at a given date/time is represented as colour (colour bar is 

applicable to all axes). Contributions from biophonic sources are indicated: humpback whales at STB (pink box 

(A)); pygmy blue whales at STB and Kaikōura (blue boxes (A and D)); Antarctic blue whales at Kaikōura 

(yellow box (D)); and putative biological chorus at all locations (grey boxes). 
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Figure 2.7. Daily median decidecade band levels over both deployments at B) South Taranaki Bight (STB), C) Cook Strait, D) Wairarapa and E) Kaikōura. Centre 

frequencies of the decidecade bands are provided in panel C). Grey areas indicate periods when the AMARs were not deployed. Panel A) illustrates the output of the seismic 

pulse detector for the STB data (purple bars) and the Wairarapa data (red bars). Detections at STB are of the PGS Taranaki South 3D seismic survey, and detections at 

Wairarapa are of the Schlumberger Pegasus Basin 3D seismic survey. Panel F) illustrates the total number of earthquakes (magnitude >0.5) in the study area (red box, 

Figure 2.1), per day (obtained from https://www.geonet.org.nz/).

https://www.geonet.org.nz/


CHAPTER 2. MARINE SOUNDSCAPE OF CENTRAL NEW ZEALAND 

25 

 

 

Figure 2.8. A) Band level of the 1000 Hz decidecade band at Cook Strait from 30 November to 20 December 

2016. Grey areas indicate night (9pm-5am, NZDT). PSD is raised in the 1000 Hz decidecade band during 

daylight as a result of a suspected biological chorus. B) Band level of the 1000 Hz decidecade band at Cook 

Strait from 30 June to 20 July 2016. Grey areas indicate night (5pm-7am, NZDT) and demonstrate the absence 

of diel pattern in the 1000 Hz decidecade band due to a lack of suspected biological chorus. 

 

2.3.2. Anthrophony 

Shipping 

The sound of shipping was present in the data recorded at all locations. Shipping sound 

consisted of persistent tonal sounds or broadband cavitation sounds which increased in received 

level and bandwidth when vessels passed near the AMARs; the Lloyd mirror effect was 

commonly evident during close ship passes (Figure 2.9). Figure 2.9 illustrates an example 

where the sound produced by a passing ship occupied the frequency bands being utilised by 

one or more Antarctic blue whales. In LTSAs, ship passes appeared as short-duration, 

broadband peaks in intensity. The greatest number of broadband peaks was evident at Cook 

Strait, where they were almost continuous (Figure 2.6). Persistent frequency-specific tonal 

sounds associated with vessels were also evident below 100 Hz at this recording location 

(Figure 2.3 and Figure 2.6). At Cook Strait, the 63 and 125 Hz centred decidecade bands, 

which are proportional to vessel sound, were the loudest decidecade bands, except during 

November and December 2016 when earthquake sound raised bands centred at lower 

frequencies (Figure 2.7). Outside of November 2016 to June 2017, when a seismic survey 

influenced band levels, the 63 Hz-centred band was commonly loudest at Wairarapa and 
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Kaikōura, although the band levels here were approximately 5 dB re 1µPa quieter than their 

equivalents at Cook Strait (Figure 2.7). 

 

Figure 2.9. Eighty minute spectrogram of a ship pass recorded at Kaikōura, 18 June 2016. Antarctic blue whale 

Z calls are evident as vertical signals between 18 and 26 Hz throughout the illustrated period (yellow box). The 

spectrogram includes data sampled at both 16 and 250 kHz, and black vertical bars correspond with duty-cycled 

gaps between recordings (spectrogram computed with frequency resolution of 0.244 Hz, 2 s Hamming-

windowed data and 75% overlap). 

 

Seismic surveys 

Two seismic surveys occurred in the region during the acoustic deployments (Figure 2.1) and 

impulses from both surveys were detected, with close alignment to known periods of seismic 

surveying (Figure 2.7). The PGS Taranaki South 3D seismic survey (23 October to 2 

December 2016) occurred closest to the STB recorder (Figure 2.1) and was only detected in 

the soundscape recorded at STB (Figure 2.7). Although airgun pulses from the PGS Taranaki 

South 3D seismic survey were detected in the STB (Figure 2.7), PSD at low frequencies (< 

100 Hz) was highly variable during the first deployment in this location, and the contribution 

of the seismic survey was not apparent in the decidecade band levels or LTSA for this location 

(Figure 2.6 and Figure 2.7). 

The Schlumberger Pegasus Basin 3D seismic survey (10 November 2016 to June 2017) was 

conducted along the east coast (Figure 2.1) and was detected in both the Kaikōura and 

Wairarapa data from the 18th November 2016 to the 6th June 2017 (Figure 2.7). Detections 
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were fewer at Kaikōura (maximum of 1400 detections during a day, compared to a maximum 

of 7500 during a day at Wairarapa) but covered the same temporal. In addition to true seismic 

impulses, the detector made a small number of false detections outside of survey periods which 

were caused by Antarctic minke whale ‘bio-duck’ pulses, and unknown sound sources. 

The Schlumberger Pegasus Basin 3D seismic survey was evident in the soundscape at 

Wairarapa between approximately 100 and 300 Hz (Figure 2.6) and to a lesser extent at 

Kaikōura over the same frequency range (Figure 2.6). This seismic survey contributed to the 

bimodal nature of the Wairarapa SPD at frequencies below 250 Hz during both deployment 

periods (Figure 2.3). Throughout its duration, the Schlumberger Pegasus Basin 3D seismic 

survey influenced the decidecade bands centred at 250 Hz and below at Wairarapa, with band 

level increases of up to 20 dB re 1µPa (Figure 2.7). At Kaikōura, decidecade bands centred at 

125 Hz and below were raised during the period of the survey (Figure 2.7). During the survey 

period, received acoustic energy was not consistent due to the varying distance of the survey 

from the acoustic recorders, and survey operations, such as line turns, and shut-downs. 

 

2.3.3. Geophony 

Weather 

No acoustic data were recorded during periods of ‘mid’ or ‘high’ rainfall at any recording 

location. Compared to ‘no’ rainfall, ‘low’ rainfall corresponded with sound levels that were 

approximately 2 – 5 dB re 1µPa2 / Hz louder at frequencies above 200 Hz (Figure 2.10). The 

influence of wind speed on the soundscape of the area was strongly evident in PSD levels. In 

general, ‘high’ wind resulted in the largest PSD values across all frequencies, approximately 3 

– 5 dB re 1µPa2 / Hz louder than ‘mid’ wind scenarios, with ‘low’ wind generating the lowest 

PSD scenarios (Figure 2.11). Some acoustic convergence occurred among the scenarios 

between 30 and 150 Hz across all recording locations (Figure 2.11). Wind speed influenced 

the soundscape across a wider range of examined frequencies than rainfall. 
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Figure 2.10. Median power spectral densities (PSDs) corresponding to given rainfall scenarios for A) South 

Taranaki Bight, B) Cook Strait, C) Wairarapa, and D) Kaikōura. PSD dips at 1500 and 2000 Hz at Wairarapa 

(C) and Kaikōura (D) were due to destructive interference and were not true features of the soundscape. 

 

 

Figure 2.11. Median power spectral densities (PSDs) corresponding to given wind speed scenarios for A) South 

Taranaki Bight, B) Cook Strait, C) Wairarapa, and D) Kaikōura. PSD dips at 1500 and 2000 Hz at Wairarapa 

(C) and Kaikōura (D) were due to destructive interference and were not true features of the soundscape. 
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Wave activity 

The highest minimum and maximum SWHs were noted at Wairarapa (minimum = 0.6 m, 

maximum = 10.2 m), while the lowest minimum and maximum SWHs occurred at Cook Strait 

(minimum = 0.1 m, maximum = 5.4 m). Excepting some convergence between 50 and 100 Hz, 

larger SWHs corresponded with louder PSD values across all frequencies (Figure 2.12). While 

the range of SWH varied between stations, the influence of SWH was similar at all stations. 

Some of the convergence between 50 – 100 Hz at Wairarapa was due to the presence of seismic 

survey pulses which increased the median PSD value of the ‘low’ SWH scenario in this band. 

The 50 – 100 Hz bandwidth at which the wave scenarios converged was congruent with the 

convergence displayed by the wind scenarios, implying that a relationship existed between the 

wind and wave elements. 

 

 

Figure 2.12. Median power spectral densities (PSDs) corresponding to given modelled significant wave height 

scenarios for A) South Taranaki Bight, B) Cook Strait, C) Kaikōura, and D) Wairarapa. PSD dips at 1500 and 

2000 Hz at Kaikōura (C) and Wairarapa (D) were due to destructive interference and were not true features of 

the soundscape. 

 

Tidal state 

At STB and Cook Strait, median PSD levels below 50 Hz were up to 15 dB re 1µPa2 / Hz 

higher during flooding and ebbing tidal periods than during high and low tide periods (Figure 

2.13), while median PSD was similar across all tidal states at Kaikōura (Figure 2.13). High 
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tide generated the loudest median sound levels below 100 Hz at Wairarapa, with PSD up to 15 

dB re 1µPa2 / Hz higher than during low, flooding or ebbing tide (Figure 2.13). Above 100 

Hz, median PSD did not differ between tidal scenarios at any recording location (Figure 2.13). 

 

 

Figure 2.13. Median power spectral densities (PSDs) corresponding to given tidal states for A) South Taranaki 

Bight, B) Cook Strait, C) Wairarapa, and D) Kaikōura. PSD dips at 1500 and 2000 Hz at Wairarapa (C) and 

Kaikōura (D) were due to destructive interference and were not true features of the soundscape. 

 

Natural seismic activity 

During the first acoustic deployment, 12,122 earthquakes occurred within the study area with 

a maximum magnitude of 7.8 (median = 2.5) (Figure 2.14). A total of 6,508 earthquakes 

occurred during the second deployment period, with a maximum magnitude of 5.2 (median = 

2.04). Earthquakes in the study region, particularly those of higher magnitude, were 

concentrated along the east coast of the South Island. Within a 50 km radius of STB and 

Wairarapa, approximately the same number of earthquakes occurred during both deployments 

(312 and 390 at STB, and 25 and 12 at Wairarapa), however, 3.4 times as many earthquakes 

occurred within a 50 km radius of Kaikōura during the first deployment compared to the second 

deployment (2778 compared to 816). 

Earthquakes were evident in the acoustic data as sudden onset, high energy, low frequency 

(generally less than 100 Hz) broadband sound lasting a few seconds to a few minutes. 

Earthquakes occurring outside of the study region likely also contributed to recorded sound 
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levels. A magnitude 7.8 earthquake occurred on 14 November 2016 (NZDT). This large 

earthquake, and consequent aftershocks that persisted into December 2016, were evident in 

data recorded at all locations, except STB, and were most apparent at Kaikōura due to its closest 

proximity to the epicentre (Figure 2.6, Figure 2.7, and Figure 2.14). The magnitude 7.8 

earthquake resulted in sound levels that briefly exceeded the dynamic range of the AMAR at 

Kaikōura. Decidecade bands centred at 12.5, 25 and 63 Hz at Cook Strait, Wairarapa, and 

Kaikōura were raised by earthquake activity (Figure 2.7); at Kaikōura, the decidecade band 

centred at 12.5 Hz was raised from approximately 85 dB re 1µPa to 124 dB re 1µPa by the 

initial earthquake (Figure 2.7). This period of earthquake activity contributed to the upper SPD 

mode below 100 Hz at Kaikōura during the first deployment (Figure 2.3). 

 

 

Figure 2.14. The epicentres of all earthquakes that occurred in the study region during the two deployment 

periods, scaled by magnitude: A) June to December 2016, B) February to August 2017. Acoustic recording 

locations used in this study are included for context; 2016 (black circles) and 2017 (white triangles). 
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2.4. Discussion 

Soundscape analysis is a non-invasive research approach that can elucidate the spatio-temporal 

distributions of specific sound contributors in a holistic manner that is integrated with 

information about other sound emitters and the wider environment. Such studies can be used 

to identify areas where free-ranging species could face risks as a result of spatial, temporal, or 

spectral overlap between contributors (Rossi-Santos, 2015), and findings can be used to inform 

and direct management decisions (Williams et al., 2014). Limited knowledge regarding the 

spatio-temporal distributions of baleen whales and baseline ambient sound levels around 

central New Zealand made the region an ideal case study to demonstrate the utility of 

soundscape analysis. Characterisation of the marine soundscapes at four recording locations 

around central New Zealand revealed the spatio-temporal distributions of migratory and 

resident baleen whales, as well as their overlap in time, space, and frequency with natural 

phenomena, shipping, and seismic surveying. We demonstrated that an acoustic approach can 

rapidly increase understanding of data deficient areas, which is essential for effective 

management. 

 

2.4.1. Spatio-temporal distributions of baleen whales 

Passive acoustic monitoring (PAM) proved to be a valuable tool to elucidate the spatio-

temporal distributions of baleen whales in offshore waters where sea conditions are notoriously 

poor (Harris, 1990; Stevens et al., 2019; Stevens et al., 2011). Notable acoustic contributions 

were made by pygmy blue whales, Antarctic blue whales and humpback whales. Visual 

observations of blue whales in New Zealand waters have often conflated pygmy and Antarctic 

blue whales as it is challenging to distinguish between the two sub-species at sea (see 

Stephenson et al., 2020). However, conflation is not an optimal approach as sub-species 

specific management of the ‘critically endangered’ Antarctic blue whale is vitally important 

(Cooke, 2018; Pollock, 2019). An acoustic approach enabled blue whale sub-species to be 

distinguished with ease (see also McDonald et al., 2006; Samaran et al., 2013; Stafford et al., 

2011). The pulsed calls of Antarctic minke whales were also identified in the data presented 

here, and to the best of our knowledge, this is the first documentation of the ‘bio-duck’ sound 

(Risch et al., 2014) in New Zealand waters. 

Antarctic blue whale calls and humpback whale song were temporally constrained to austral 

winter, indicating that central New Zealand is a migratory corridor for both species that feed 

around Antarctica in austral summer and breed in warmer waters during austral winter 
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(Dawbin, 1956; McDonald, 2006; Miller et al., 2014). Humpback whales that migrate through 

New Zealand waters have been linked to breeding grounds in East Australia and Oceania 

(Constantine et al., 2007; Franklin et al., 2014; Garrigue et al., 2000; Steel et al., 2014). The 

breeding areas of Antarctic blue whales in the western South Pacific are largely unknown 

(Branch et al., 2007). Here, migrating Antarctic blue whales were detected along the shelf edge 

to the east of central New Zealand in a deep water environment. Movements along shelf edges 

are common for blue whales (Bailey et al., 2009; Branch et al., 2007; Gavrilov & McCauley, 

2013; Širović et al., 2004), and may result from a desire to communicate with distant 

conspecifics via the acoustic propagation properties afforded by deep water environments 

(Stafford et al., 1998). Conversely, humpback whales were detected in the shallow, sheltered 

bay of the South Taranaki Bight (STB), suggesting that their northbound migration route 

followed the opposite coast to the Antarctic blue whales. Neither Antarctic blue whale calls or 

humpback whale song were noted in the data during austral spring when southbound migration 

would be expected (Dawbin, 1956), but it is possible that these species migrated southward 

through the study area without producing an abundance of calls. Migratory routes are assumed 

to be stable, at least over short evolutionary timescales (Abrahms et al., 2019), however, both 

humpback and Antarctic blue whales only contributed to the soundscape notably in one of the 

two sampled winters (2016). New Zealand recorded an extreme heatwave in 2017 (Salinger et 

al., 2019), and it is possible that oceanographic conditions in 2017 may have been unusual, 

causing the whales to favour alternative migration routes. Only male blue and humpback 

whales are thought to produce the calls and song reported here, and detections may not be 

representative of female, juvenile, and non-vocal whales (Dawbin, 1997; Oleson et al., 2007; 

Payne & McVay, 1971). 

In general, pygmy blue whales do not migrate to Antarctica to feed (Branch et al., 2007), and 

their distributions are thought to be determined by prey availability (Barlow et al., 2020; Gill, 

2002; Rennie et al., 2009). In central New Zealand, upwelled water flows into the South 

Taranaki Bight (STB) year-round, making it a highly productive area (Chiswell et al., 2017) 

and blue whale feeding behaviour in the STB has been widely reported (Barlow et al., 2020; 

Barlow et al., 2018; Torres, 2013; Torres et al., 2020). Accordingly, the soundscape of the STB 

featured near-consistent contributions from pygmy blue whales. Prey availability may have 

also underpinned humpback whale presence in the STB if the whales undertook opportunistic 

feeding during migration (Eisenmann et al., 2016). The acoustic contribution of pygmy blue 

whales in the STB was greatest in austral autumn (March and April), suggesting that the whales 



CHAPTER 2. MARINE SOUNDSCAPE OF CENTRAL NEW ZEALAND 

34 

 

were calling more frequently, or gathering in the area, during this time. Calls from pygmy blue 

whales were also evident in the soundscape recorded at Kaikōura during austral autumn, 

promoting further study within the vicinity of the Kaikōura deployment location to understand 

how pygmy blue whales utilise the area, and whether their presence is an annual event. 

 

2.4.2. Marine soundscape variation and overlaps between contributors 

Fine spatial-scale variation was demonstrated in the marine soundscape of this relatively small 

region in central New Zealand. Environmental conditions within the detection area of an 

acoustic receiver can directly influence the reception of sound (Buckingham & Jones, 1987; 

Wille, 2005) and the four recording locations studied here differed in sediment type, 

propagation environment, exposure, and depth. For example, Wairarapa featured the greatest 

contribution from airguns due to its close proximity to the Schlumberger Pegasus Basin 3D 

seismic survey, but deep water along the east coast enabled the sound of the survey to propagate 

effectively (Buckingham & Jones, 1987; Wille, 2005), and sound from this contributor was 

also detected in the soundscape recorded at Kaikōura. Outside of the seismic survey period, 

transmission loss from the sea surface is a fundamental reason to explain why the ambient 

sound levels recorded at the deep-water AMARs off the east coast were generally lower than 

those recorded in the shallower Cook Strait and STB. 

Overall, sound levels above 70 Hz were approximately 5 dB re 1µPa2 / Hz louder at Cook Strait 

compared to sound levels recorded in deep-water off the east coast, or in the STB. All of the 

soundscape contributors recorded at Cook Strait were recorded at the other locations, but in 

environments that were deeper or less enclosed, soundscape elements were less concentrated. 

Cook Strait features a coarse pebble seabed (Bostock et al., 2019; Harris, 1990) that propagated 

and resonated sound (Wille, 2005). For example, sound levels in the 63 and 125 Hz centred 

decidecade bands were disproportionally high at Cook Strait, implying that the acoustic 

contribution of vessel traffic was concentrated (Tasker et al., 2010). Cook Strait is a key 

shipping route, but it is also a known migratory corridor for large whale species, therefore the 

potential for ship strike in the narrow channel is possible. Ship strike is a global threat to large 

whales (Andrea et al., 2016; Constantine et al., 2015; Monnahan et al., 2015), and sound 

resonation in the Strait could make it difficult for whales to localise and consequently avoid 

ship traffic. In the northern hemisphere, North Atlantic right whales (Eubalaena glacialis) are 

particularly vulnerable to ship strike as they do not exhibit behavioural responses to ship sound 
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(Nowacek et al., 2004). Although not acoustically evident in the present data, southern right 

whale (Eubalaena australis) populations are recovering from the effects of whaling and 

returning to former habitats, including central New Zealand (Carroll et al., 2014; Patenaude, 

2003). Southern right whales could be at risk of ship strike in the narrow channel of Cook Strait 

if they demonstrate a similar lack of response to ship sound. As global shipping activity 

increases, and whale populations recover from the effects of whaling, this potential interaction 

could become more pertinent. Vessel speed restrictions have been shown to reduce the lethality 

of ship strikes, and slower speeds can also have positive implications for sound pollution 

produced by shipping (Leaper, 2019; Putland et al., 2018; Wiley et al., 2011). 

Natural variation in ambient sound levels can influence the ranges over which sounds are 

detectable (Cholewiak et al., 2018; Dunlop, 2018a; Dunlop, 2018b; Putland et al., 2018). 

Increases in wind, rain, and wave conditions corresponded with increased sound levels across 

the analysed frequency range in both shallow-water and deep-water in central New Zealand (as 

also demonstrated by Bom, 1969; Erbe et al., 2015; Mahanty et al., 2018; Putland et al., 2017). 

Tidal movement also increased sound levels below 100 Hz at most recording locations (also 

reported by Boebel et al. (2008)), although it should be noted that moving recievers, such as 

swimming animals, are unlikely to percieve tidal sound in the same way as the moored 

recorders examined here. During periods when soundscapes are naturally louder, additional 

acoustic contributions from other sources can generate greater impacts on the transmission 

range of sound (Dunlop, 2018a; Moore et al., 2012; Putland et al., 2018). For example, the 

communication space of Bryde’s whales (Balaenoptera edeni brydei) in the Hauraki Gulf, 

northern New Zealand, fluctuated in size with natural variation in ambient noise levels, but was 

significantly reduced by the presence of ship sound (Putland et al., 2018). In the present study, 

the ability of vessel sound to reduce the detectability of baleen whale calls at the hydrophones 

was demonstrated directly. Moreover, the Schlumberger Pegasus Basin 3D seismic survey and 

earthquakes along the east coast contributed cumulative sound across shared low frequencies 

in November and December 2016, raising levels of decidecade bands centred below 250 Hz by 

more than 30 dB re 1µPa at times. These low frequency bands were utilised by all noted baleen 

whale species, and the events may therefore have affected the communication abilities of the 

whales. However, communication implications can only be considered in light of the auditory 

processing capabilities of the receiving animal, which for many marine mammal species, 

particularly baleen whales, is unknown (see Erbe et al., 2016 for a review).  
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Nonetheless, in a New Zealand context, underwater sound in communication bandwidths could 

affect baleen whales. For humpback and Antarctic blue whales that conduct seasonal 

migrations through New Zealand waters, missed communication opportunities could cause 

individuals to become separated from conspecifics, and may hamper any acoustic mate 

attraction that occurs prior to arrival at the breeding areas (Oleson et al., 2007; Payne & McVay, 

1971). Moreover, it is hypothesised that the population-specific songs produced by humpback 

whales could be shared between breeding populations within migratory corridors (Payne & 

Guinee, 1983); interruption of this vocal learning (Janik, 2014) opportunity could have 

consequences for the breeding success of individual animals (Noad et al., 2000). New Zealand 

waters provide critical habitat year-round for pygmy blue whales (Barlow et al., 2018), and 

Bryde’s and southern right whales also undertake important life history stages in New Zealand 

waters (Carroll et al., 2014; Wiseman et al., 2011). The fitness and vital rates of individual 

animals can be affected by exposure to ambient noise, and chronic exposure can lead to 

population level consequences (National Research Council, 2005; Pirotta et al., 2018; Tyack, 

2008). In addition to potential impacts on the communication abilities of large whales, loud, 

impulsive sounds, such as those emitted by seismic surveying, can elicit extreme behavioural 

responses from marine mammals, as well as broad scale displacements and changes in their 

own sound emissions (Cerchio et al., 2014; Clark et al., 2009; Di Iorio & Clark, 2010; 

Kavanagh et al., 2019; Nowacek et al., 2015; Tyack, 2008). High intensity sound produced by 

earthquakes could also elicit similar effects, particularly as earthquakes occur without warning 

or ramp-up period (Wensveen et al., 2017). 

All soniferous species can be vulnerable to acoustic disturbance. Putland et al. (2018) found 

that the communication space of bigeye fish (Pempheris adspersa) in the Hauraki Gulf, New 

Zealand, could be reduced up to 99.9% by ship sound. In the present study, a chorus was 

detected between 600 and 1100 Hz that featured seasonal and diel trends. The sound was 

deemed to be of biological origin due to the evident seasonal and diel variation in intensity 

(Jamie et al., 2017), and a similar chorus, recorded in the eastern Arabian Sea, was suspected 

to be produced by planktivorous fish (Mahanty et al., 2018). While the origin and purpose of 

the 600 and 1100 Hz chorus reported in this study was not known, if it is produced for a 

particular purpose, such as a directional beacon to a spawning event, a reduced probability of 

its detection due to ambient noise could have detrimental impacts on the species responsible. 

The presence of the chorus at all recording locations, in spite of differences in depth and 
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exposure, promotes further investigation. Fine-scale variation in the ambient levels of this 

sound may indicate its specific location in the region, allowing precise targeting for research. 

Knowing how specific events impact soundscapes and other contributors can help tailor 

planned anthropogenic activities to cause the least interference with the habitats and acoustic 

niches of wild species (van Opzeeland & Boebel, 2018). Soundscape planning is a modern 

approach that encourages anthropogenic activities to be targeted in locations, times, and 

frequency bands that cause least impact to wildlife (Nowacek et al., 2015; van Opzeeland & 

Boebel, 2018). In order to achieve this, it is essential to understand the relative distributions of 

both stressors and receivers (e.g. baleen whales) (National Research Council, 2005). Here, 

humpback whale song was detected in the STB, where pygmy blue whales and a large amount 

of marine industry (as discussed by Barlow et al., 2018) also occur. Pygmy blue and humpback 

whales produced calls at notably different frequencies and at differing times of year in central 

New Zealand, highlighting the need for thorough planning regarding the timing and sound 

emission characteristics of anthropogenic activities to minimize risk to these species. This 

study adds to a growing body of literature demonstrating that PAM should be considered an 

important part of environmental analyses as soundscape analysis is a useful tool to collect the 

required holistic data to inform management decisions. 

 

2.4.3. Conclusions 

The case study presented here demonstrated that PAM is an invaluable tool to increase 

understanding of the spatio-temporal distributions of baleen whale species in a region where 

previous research has been constrained by the inaccessibility of offshore animals and 

challenges in identification. Soundscape monitoring provided a relatively large scale, 

continuous solution to study whale distributions in a non-invasive manner, while concurrently 

sampling the ambient soundscape to investigate the environment in which the whales occurred 

in an integrated manner. Overlaps between soundscape contributors revealed potential 

conflicts, both in terms of physical risks and acoustic interference. The information gained 

from soundscape analysis can be invaluable to inform conservation and management decisions. 
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CHAPTER 3. PASSIVE ACOUSTIC MONITORING REVEALS 

SPATIO-TEMPORAL DISTRIBUTIONS OF ANTARCTIC AND 

PYGMY BLUE WHALES AROUND CENTRAL NEW ZEALAND 

 

3.1. Introduction 

The effective management of wild animal populations relies on a foundation of knowledge 

regarding their distribution and movements. A thorough understanding of the areas used by a 

population is necessary to consider the relative importance of each area for prioritising 

conservation or management approaches. Distribution studies are particularly important for 

species that are threatened with extinction, and those that live in areas subject to increasing 

anthropogenic activity or global phenomena, such as climate-induced range shifts (Chen et al., 

2011; McLellan & Shackleton, 1989). Passive acoustic monitoring (PAM) is a non-invasive 

technique that can be used to study the presence and distribution of animals that produce sound. 

Songbirds, primates, amphibians, and marine mammals are ideal candidates to study via PAM, 

as many naturally produce loud, stereotyped vocalisations (Alvarez-Berríos et al., 2016; Edds-

Walton, 1997; Kalan et al., 2016; Sanders & Mennill, 2014; Zimmer, 2011). Acoustic 

detections act as an indicator of animal presence, from which movements and distributions can 

be inferred, particularly when acoustic recording devices are deployed over a large area 

(Hannay et al., 2013; Ross et al., 2018). Autonomous PAM can be particularly useful when 

collecting long-term data in environments that cannot be surveyed regularly using visual 

methods, such as dense forest or offshore marine areas, where access is constrained by 

logistical challenges and costs. An acoustic approach can also be useful for vocal species that 

are difficult to study visually. Such instances occur when features used for identification are 

cryptic, and can be magnified if the study species is difficult to observe. For example, due to 

their low surface profile and short surfacing periods, deep-diving beaked whales of the family 

Ziphiidae demonstrate visual crypsis, but species-specific signal properties of their 

vocalisations enable acoustic identification (Baumann-Pickering et al., 2013). 

In the waters of New Zealand, two sub-species of blue whale occur (Branch et al., 2007): the 

Antarctic blue whale (Balaenoptera musculus intermedia) (ABW); and the pygmy blue whale 

(B. m. brevicauda) (PBW). Anatomical differences exist between the two sub-species 

(Ichihara, 1966; Olson et al., 2015), but can be difficult to recognise in the field. As such, 

information about blue whales in New Zealand waters has often been conflated by the inclusion 
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of both sub-species (see Stephenson et al., 2020). Identification challenges, in addition to 

access constraints imposed by their offshore location, have led to both sub-species being 

classified as ‘data deficient’ at a national level, although PBWs are also listed as ‘resident 

native’ (Baker et al., 2019) due to increased information about the sub-species (Olson et al., 

2015; Torres, 2013), particularly in the South Taranaki Bight (STB) (Barlow et al., 2018). 

Globally, ABWs are listed as ‘critically endangered’ (Cooke, 2018) as a result of industrial 

whaling in the 1900s that greatly reduced populations worldwide (Branch et al., 2007), while 

PBWs are listed as ‘unspecified’ (Pollock, 2019). Accordingly, information on blue whale 

distributions that is not sub-species specific is not appropriate for management decisions. 

Worldwide, blue whales produce low frequency, stereotyped calls, known as song when 

repeated regularly (Lewis & Širović, 2018; Oleson et al., 2007), which differ between sub-

species (McDonald et al., 2006; Širovic et al., 2017). Therefore, the sub-species of a blue whale 

is easier to determine acoustically than visually, making PAM an ideal approach to study blue 

whales with confidence in sub-species identity (McDonald et al., 2006). It is straightforward 

to distinguish between the two blue whale sub-species found around New Zealand via song. 

PBW song was first recorded off Great Barrier Island – Aotea, northern New Zealand, in 1964 

(Kibblewhite et al., 1967) and consists of four distinct units (A, B, C and D) that form a phrase. 

Energy occurs between 17 and 24 Hz and overall phrase duration is 55 seconds, with 132 

seconds on average between phrases (Miller et al., 2014). Conversely, ABWs produce 

individual song units, known as ‘Z’ calls due to their distinctive shape when visualised as a 

spectrogram. ABW units commence at 26 Hz, decreasing rapidly to 18 Hz, with a duration of 

approximately 20 seconds (Gavrilov et al., 2012; Širović et al., 2004). ‘Z’ calls are repeated 

every 62 - 65 seconds during song (McDonald et al., 2006; Širović et al., 2004). Female blue 

whales are not thought to produce song (Oleson et al., 2007), but song is produced by male 

blue whales year-round (Leroy et al., 2016; Širović et al., 2004; Thomisch et al., 2016). Both 

male and female blue whales from both sub-species also produce a non-song down-sweeping 

call, known as the ‘D’ call (McDonald et al., 2001). 

Blue whale song units are low frequency, have high source levels, and propagate efficiently 

underwater, up to hundreds, or even thousands, of kilometres (Širović et al., 2007; Stafford et 

al., 1998). It is presumed that blue whale song is used for long-range communication, and the 

acoustic properties of song units may be a result of evolutionary selection (Edds-Walton, 1997). 

Long propagation distances can make it difficult to interpret detections made within a PAM 

framework, as the location of a calling animal may be a considerable distance from the receiver. 
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Underwater, propagation conditions vary over space and time due to parameters that include 

bathymetry, seabed sediment, and sound speed profile (Urick, 1983). Inferences made from 

call detections increase in validity when the detection area of the receiver is taken into account 

(Biggs et al., 2019; Darras et al., 2016; Miksis-Olds et al., 2015; Samaran et al., 2010; Širović 

et al., 2007; Širovic et al., 2015; Stafford et al., 2007). Moreover, it is essential to quantify 

effective detection areas when estimating animal abundance from acoustic detections (Harris 

et al., 2018; Marques et al., 2013; Nuuttila et al., 2018). The detection area of each recorder in 

a network should be taken into consideration to provide context to acoustic detections and to 

enable comparisons among recording locations (Biggs et al., 2019; Darras et al., 2016). 

As implied by their ‘data deficient’ statuses, previous investigations of blue whale distribution 

in New Zealand waters have been constrained by difficulties in sub-species identification, and 

limited access to these offshore marine mammals due to constraints arising from logistical 

challenges and weather and sea conditions. In this study, PAM was used to investigate the 

spatial and temporal distributions of PBWs and ‘critically endangered’ ABWs around central 

New Zealand. As acoustic recorders were deployed in a range of physical marine environments, 

propagation modelling was conducted to consider detections in range context and to enable 

comparisons among recording locations. Results from this study add sub-species specific 

clarity to blue whale distributions and movements in New Zealand waters, and improve 

understanding on the importance of this region to the two blue whale sub-species. 

 

3.2. Methodology 

3.2.1. Acoustic recordings 

Autonomous multi-channel acoustic recorders (AMAR G3, JASCO Applied Science) were 

deployed from 4 June to 21 December 2016 at four locations around central New Zealand: the 

South Taranaki Bight (STB); Cook Strait; and off the coasts of Kaikōura and Wairarapa 

(Figure 3.1). AMARs were redeployed for a second period between 21 February and 8 

September 2017 at three locations: Kaikōura; Wairarapa; and a STB location 25.2 km south-

east from the 2016 STB station (Figure 3.2; a recorder was not redeployed in Cook Strait in 

2017 but is shown for reference). In the STB and Cook Strait, AMARs were bottom mounted 

in water depths of 111 and 252 m, respectively (Figure A1.1). At Wairarapa and Kaikōura, 

AMARs were moored 10 m above the sea-bed in water depths of 1480 and 1252 m, respectively 

(Figure A1.2). The nominal pressure sensitivity level of the hydrophones was -165 dB re 1 
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V/µPa (± 1 dB) from 10 Hz to 100 kHz. Acoustic data were sampled over a 900 second duty 

cycle: 630 seconds at a sampling rate of 16 kHz, 125 seconds at a sampling rate of 250 kHz, 

and 145 seconds of sleep. Only the 16 kHz files were analysed within the scope of this study. 

 

Figure 3.1. Study region, with median modelled Antarctic blue whale detection areas for June 2016: turquoise = 

South Taranaki Bight, purple = Cook Strait, green = Wairarapa, orange = Kaikōura. See Methodology (section 

3.2.3) for modelling configuration and assumptions. 

 

 

3.2.2. Detection of blue whale calls 

Data from each recording location were sub-sampled via stratified random sampling: within 

every two-hour period, 630 s were sampled (one randomly selected 16 kHz duty cycle, 

equivalent to 12.5% of all 16 kHz recordings, and 8.75% of each two hour interval). Data were 

visualised using PAMlab-Lite (JASCO Applied Sciences, 2017) as spectrograms displayed 

over 10 – 100 Hz; the spectrogram frequency resolution was 0.244 Hz computed using 2 s of 

Hamming-windowed data (plus 2 s of zero-padding) and 75% overlap. All blue whale song 

units and phrases within subsamples were manually identified and marked, regardless of 

whether they occurred in song (with consistent inter-call intervals) or were stand-alone. The 

minimum and maximum fundamental frequencies, and start and end time extents of each 

phrase (PBW) or unit (ABW), were marked manually. PAMlab-Lite automatically reported 
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time, frequency and sound level parameters for each annotation made within the stratified 

random subsample. Sound level information included values for the received sound pressure 

level (SPL) of the marked sound. For ABWs, each song unit was marked separately, while for 

PBWs, measurements were made across all four units (A, B, C and D) as a single phrase. In 

cases where entire units or phrases were not evident in the recordings, only the evident aspects 

were measured. For simplicity, both ABW units and PBW phrases will henceforth be referred 

to as ‘calls’. Call annotations were imported into MATLAB (The MathWorks Inc., R2016b) 

for analysis. 

The Schlumberger Pegasus Basin 3D seismic survey was conducted near Wairarapa between 

mid-November 2016 and June 2017 (Schlumberger New Zealand Limited, 2016). Data from 

Wairarapa were not analysed during the seismic survey period, due to raised sound levels in 

the blue whale call bandwidths that impeded the detection of calls. Seismic survey pulses were 

evident to a lesser extent in the data from Kaikōura and occurred concurrently with low 

frequency sound (< 100 Hz) generated by earthquake activity in November and December 

2016. Although sound levels in the blue whale call bandwidth were raised at Kaikōura during 

these periods, blue whale calls remained identifiable throughout and were marked. Blue whale 

calls that occurred simultaneously (in time and frequency) with tonal ship noise were annotated 

if their duration and/or inter-call interval were evident within the shipping noise. When ship 

noise dominated the blue whale call bandwidth, such that individual calls were masked, 

possible calls were not marked to minimise false positive detections. 

 

3.2.3. Detection areas 

As central New Zealand features a variety of marine environments, sound propagation in the 

study region was modelled to enable comparisons to be made among recording locations, and 

to estimate the possible positions of calling blue whales. Transmission loss modelling was 

conducted for each of the four recording locations. JASCO’s Marine Operations Noise Model 

(MONM) (Matthews & MacGillivray, 2013) was used to estimate propagation loss within the 

25 Hz-centred decidecade band (22 to 28 Hz, International Organization for Standardization 

(2017)). MONM computes sound propagation via a wide-angle parabolic equation solution to 

the acoustic wave equation (Collins, 1993) based on a version of the U.S. Naval Research 

Laboratory’s Range-dependent Acoustic Model (RAM), which has been modified to account 

for a solid seabed (Zhang & Tindle, 1995). The parabolic equation method (Collins et al., 1996) 
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has been extensively benchmarked (e.g. Quijano et al., 2019; Racca et al., 2015). The 25 Hz-

centred decidecade band was chosen as it contains the upper limit of tonal energy for both blue 

whale sub-species calls (approximately 26 Hz for ABW ‘Z’ call units and 23 Hz for PBW ‘B’ 

call units). 

MONM was used to calculate propagation losses within a 250 km radius around each recorder 

location. Acoustic fields in three dimensions were computed by modelling transmission loss 

within two-dimensional (2-D) vertical planes aligned along radials covering a 360° swath. 

Here, the vertical radial planes were separated by an angular step size of 5°, yielding 72 planes. 

Within each vertical radial plane the sound field was sampled with a horizontal step size of 

50 m and across the entire water column, from 2 m to a maximum of 4000 m, with step sizes 

that increased with depth. Recorders were considered as either seabed receivers or 10 m above 

the seabed, per the AMAR deployments. 

Information regarding the physical environment of the four recording locations was included 

in the models: bathymetry, geology, and water column sound speed profiles (SSPs). 

Bathymetry was derived from ‘Charting Around New Zealand’ (CANZ, 2008). As described 

in McPherson et al. (2019), the seabed sediment consisted of mud in deeper waters (continental 

slope sediment), and dominant fine sand with sparse coarse sand in shallow waters (continental 

shelf sediment). SSPs were derived from temperature and salinity profiles from the U.S. Naval 

Oceanographic Office’s Generalized Digital Environmental Model V 3.0 (GDEM; Carnes, 

2009; Teague et al., 1990). The GDEM temperature-salinity profiles were converted to sound 

speed profiles according to Coppens (1981). Mean monthly sound speed profiles were derived 

from the GDEM profiles for a 100 km radius encompassing each site. 

Detection ranges were estimated for the months in which blue whale call detections were most 

prevalent: June 2016 for ABWs; and March 2017 for PBWs. Transmission loss for each 

recording location was modelled with location-specific and month-specific ambient noise data 

and SSPs. Median (50th percentile) ambient noise was quantified for the 25 Hz-centred 

decidecade band from the acoustic recordings. During March 2017, the seismic survey 

conducted near Wairarapa influenced ambient noise levels in the 25 Hz-centred decidecade 

band such that detection areas would not have been relevant to periods without seismic survey 

presence. As such, instead of March 2017, ambient noise was averaged over the whole duration 

of the first acoustic deployment at Wairarapa (June to December 2016) and incorporated into 

the model for PBW detection range at Wairarapa. Similarly, average ambient noise from the 
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first deployment (June to December 2016) was used to model the detection area for PBWs at 

Cook Strait as no acoustic data were recorded at this location in 2017. These two models 

included March-specific SSP data. 

The detection range modelling approach assessed the unconditional probability of detection, 

accounting for the empirical probability distribution of the ambient noise and modelled 

distribution of received levels. The distribution of modelled received levels was computed 

using a normal probability distribution of source levels and modelled values of transmission 

loss. This analysis considered only the median ambient noise percentile to provide a general 

guide for the potential detection ranges under median noise conditions, although significant 

differences could exist across all possible noise conditions. The detection ranges associated 

with an unconditional probability of 0.5 and median noise conditions are hereafter referred to 

as ‘median detection areas’. A detection threshold of 5 dB re 1µPa above the median noise 

level was applied to present a conservative estimate of detectability. The source level of ABW 

calls was assumed to be 189 dB re 1µPa m ± 3 dB (Širović et al., 2007), and 183 dB re 1µPa 

m ± 3 dB for PBW calls (McCauley et al., 2001). The transmission loss model assumed that 

both sub-species produced the ‘Z’ call and ‘B’ unit at depths between 20 m to 30 m (Dziak et 

al., 2017; Leroy et al., 2016; Lewis et al., 2018; Oleson et al., 2007; Owen et al., 2016; Širović 

et al., 2007; Thode et al., 2000). A curvefit approach was used to calculate the maximum 

possible ranges to a calling animal along each of the 72 radial planes per location considering 

the aforementioned modelling configuration. Overall detection areas were calculated by 

generating a polygon for each recording location considering the median detection range for 

each modelled radial (QGIS Development Team, 2017). Blue whale detections were 

normalised by the respective detection areas of the recording locations in order to compare 

detections among sites. The normalised call counts are henceforth referred to as ‘call density’. 

To consider the appropriateness of extrapolating detection areas beyond the specific months 

they were generated for, the detection ranges were also calculated for opposite scenarios i.e., 

detection areas of ABWs were estimated using the March-specific model, and PBW detection 

areas were estimated using the June-specific model. For both sub-species, March and June 

detection area estimates were very similar and it was therefore deemed appropriate to apply the 

estimated sub-species specific detection areas across both acoustic deployment periods. 
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3.2.4. Analysis of received levels of blue whale calls 

In order to consider the possible positions and movements of calling blue whales within the 

detection areas, the received levels of manually detected calls were examined with respect to 

time. To ensure relevance and comparability to the detection thresholds estimated via the 

propagation models, only the received levels of the upper tone of ABW calls (approximately 

26 Hz) and the ‘B’ unit of PBW phrases (23 Hz) were examined. When ABW calls were 

received only as the 26 Hz tone, with lower frequency aspects absent due to transmission loss, 

the SPL was calculated automatically by PAMlab-Lite. For ABW calls where the whole of the 

‘Z’ call was received and marked, and for PBW phrases, the marked frequency and temporal 

limits of each call were revised to only include the upper part of the ‘Z’ call, or the ‘B’ unit, 

respectively. SPL was recalculated for the revised temporal and frequency limits. It was not 

possible to revise the received levels of all calls, due to occasional interference from other 

sounds in the same bandwidth. 

 

 

Figure 3.2. Study region, with median modelled pygmy blue whale detection areas for March 2017: turquoise = 

South Taranaki Bight, purple = Cook Strait, green = Wairarapa, orange = Kaikōura. See Methodology (section 

3.2.3) for modelling configuration and assumptions. 
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3.3. Results 

Across all recording locations, a sub-sample of 106.5 days of data (14,608 files, each 630 s in 

length) were manually analysed. PBW calls were detected in 21.2% and ABW calls were 

detected in 4.1% of the subsamples. 0.9% of subsamples contained detections of both PBWs 

and ABWs. In total, 20,751 blue whale calls were detected; 84.0% of detected calls were from 

PBWs and 16.0% were from ABWs (Table 3.1 and Table 3.2). The calls of both blue whale 

sub-species were highly stereotyped and comparable to those reported in previous studies 

(Gavrilov et al., 2012; McDonald et al., 2006; Miller et al., 2014; Širović et al., 2004). Received 

levels were available for 2,848 ABW calls and 11,291 PBW calls. 

ABW calls were detected at all four recording locations (Figure 3.3, Table 3.1). In 2016, the 

number of daily ABW detections peaked at the end of June into the beginning of July (austral 

winter), while in 2017, peak occurrence was during July and August (Figure 3.3). The first 

winter detections of ABWs in 2016 occurred at Kaikōura (the most southerly recorder), 

followed by concurrent detections at Wairarapa and Cook Strait four days later, and lastly at 

STB (the most northerly recorder) an additional three days later (Figure 3.3). There was no 

spatio-temporal pattern in detections during 2017 (Figure 3.3). A smaller, secondary peak in 

ABW calls occurred during austral spring (October 2016), with detections occurring first at 

STB, then at Wairarapa, followed by Kaikōura, and lastly Cook Strait (Figure 3.3). ABW 

detections were most numerous at Kaikōura and Wairarapa, particularly during 2016 (Figure 

3.3, Table 3.1), but were detected with highest density at Cook Strait and STB (Figure 3.4, 

Table 3.1). The received levels of ABW calls were highest at Wairarapa and Kaikōura (Figure 

3.5), with maximum received levels exceeding 120 dB re 1µPa. 
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Table 3.1. Antarctic blue whale call detections per recording location, and detection area information. Detection 

areas were calculated for June with month specific SSP and 50th ambient noise percentile from acoustic data 

recorded in June 2016. STB = South Taranaki Bight. n/a = not applicable 

Recording 

location 

Total 

detections 

Median 

detection 

area (km2) 

Number of 

sub-

sampled 

days 

Detections 

per 1,000 

km2 per 

day 

Percentage overlap in 

detection area (%) 
Unique 

detection 

area (km2) 
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STB 651 8,556 386 0.20 n/a 50.4 0 0 4,245 

Cook Strait 115 7,525 198 0.08 57.3 n/a 0 4.3 2,890 

Wairarapa 1,302 97,069 252 0.05 0 0 n/a 53.6 45,020 

Kaikōura 1,246 60,884 388 0.05 0 0.5 85.5 n/a 8,511 

 

 

Table 3.2. Pygmy blue whale call detections per recording location, and detection area information. Detection 

areas were calculated for March with month specific SSP and 50th ambient noise percentile from acoustic data 

recorded in March 2017 (South Taranaki Bight and Kaikōura) or average value for June to December 2016 (Cook 

Strait and Wairarapa). STB = South Taranaki Bight. n/a = not applicable 

Recording 

location 

Total 

detections 

Median 

detection 

area (km2) 

Number of 

sub-

sampled 

days 

Detections 

per 1,000 

km2 per 

day 

Percentage overlap in 

detection area (%) 
Unique 

detection 

area (km2) 
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STB 14,667 3,056 386 12.43 n/a 9.4 0 0 2,769 

Cook Strait 266 3,418 198 0.39 8.4 n/a 0 0 3,131 

Wairarapa 1,672 15,581 252 0.43 0 0 n/a 24.0 11,847 

Kaikōura 832 25,358 388 0.08 0 0 14.7 n/a 21,624 
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Figure 3.3 A) The number of Antarctic blue whale and B) pygmy blue whale calls detected per day in the 

stratified random subsample of data from 2016 and 2017. The grey block indicates when the acoustic recorders 

were not deployed. The green block corresponds to the period in which the Wairarapa data were not analysed 

due the presence of seismic survey sound in the blue whale call bandwidth. Note Y-axis scale differs between 

sub-species. 

 

 

Figure 3.4. A) The number of Antarctic blue whale and B) pygmy blue whale calls detected per day in the 

stratified random subsample of data from 2016 and 2017, normalised by the detection area of each recording 

location (calculated for June 2016 or March 2017, respectively) to give daily detections per 1000 km2. The grey 

and green blocks are as described in Figure 3.3. Note Y-axis scale differs between sub-species. 
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PBW calls were also detected at all four recording locations in central New Zealand, although 

84.1% of all PBW detections were made at STB (Figure 3.3, Table 3.2). There, PBW calls 

were detected with the highest density; an average of 12.43 detections were made per 1,000 

km2 per day, compared to average densities of less than 1 detection per 1,000 km2 per day at 

the other recording locations (Figure 3.4, Table 3.2). Both the highest (150 dB re 1µPa) and 

lowest (67 dB re 1µPa) received intensities of PBW calls were recorded at STB (Figure 3.6). 

The presented detection area extents correspond to median detection areas, however, the 

received levels reported for measured calls include all annotated calls, and as such include 

received levels below the modelled detection threshold. At STB, PBW calls were detected 

throughout both recording periods, except during the majority of September and October 2016 

(austral spring) (Figure 3.3). While PBW calls were largely absent from STB and Cook Strait 

during September and October 2016, detections were made at Kaikōura and Wairarapa during 

this time, and even increased in number compared to prior months (Figure 3.3). Call detections 

peaked in number and density at STB between March and May (austral autumn), and a March 

peak in PBW calls was also evident at Kaikōura (Figure 3.3 and Figure 3.4). There was no 

acoustic sampling at Cook Strait or Wairarapa during this period. 

Normalisation by detection area was important as the areas of Cook Strait and STB were up to 

13 times smaller than the detection areas of Wairarapa and Kaikōura (Table 3.1 and Table 

3.2). Indeed, ABW detection areas at Wairarapa and Kaikōura extended to the limits of the 250 

km modelling radius along some radials in a north-easterly direction (Figure 3.1). Detection 

areas for PBW calls were smaller than ABW detection areas at all recording locations, as a 

result of the lower source level for this sub-species (Table 3.1 and Table 3.2). Blue whale 

calls produced within areas where detection ranges overlapped could have been detected twice, 

at two recording locations. Detection areas overlapped between STB and Cook Strait, and 

between Kaikōura and Wairarapa (Figure 3.1, Figure 3.2, Table 3.1, and Table 3.2), and 

there was a small amount of overlap between the Cook Strait and Kaikōura ABW detection 

areas (Figure 3.1, Table 3.1). 

 

  



CHAPTER 3. DISTRIBUTIONS OF BLUE WHALES 

50 

 

 

Figure 3.5. Received levels of Antarctic blue whale calls detected per recording location, over time. Received 

levels were calculated only for the upper tone (approximately 26 Hz) of each call. The dashed lines indicate the 

detection threshold associated with an unconditional probability of detection of 50%, the model configuration is 

described in the Methodology (section 3.2.3). The grey and green blocks are as described in Figure 3.3. 

 

 

 

Figure 3.6. Received levels of pygmy blue whale calls detected per recording location, over time. Received 

levels were calculated only for unit ‘B’ of each phrase. The dashed lines indicate the detection threshold 

associated with an unconditional probability of detection of 50%, the model configuration is described in the 

Methodology (section 3.2.3). The grey and green blocks are as described in Figure 3.3. 
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3.4. Discussion 

In the waters of New Zealand in the western South Pacific, ‘critically endangered’ Antarctic 

blue whales (ABWs) co-occur with pygmy blue whales (PBWs). However, due to their 

offshore domain and the challenge of sub-species identification, information about their 

movements and distributions has been limited and often conflated. Passive acoustic monitoring 

(PAM) proved to be a highly effective method to examine the spatial and temporal distributions 

and sympatry of ABWs and PBWs by analysing their sub-species specific calls. Modelled 

estimates of detection areas provided context to the detected blue whale calls, and highlighted 

the relative importance of the varying marine environments that exist in central New Zealand. 

Future management and conservation of blue whales within New Zealand waters can now be 

informed by sub-species-specific information. 

ABWs were detected moving northward through central New Zealand waters in austral winter, 

and have previously been detected off northern New Zealand during this season (McDonald, 

2006). A second peak in ABW calls was detected in spring, indicative of southbound 

movement. These data provide evidence that New Zealand waters are a migratory corridor for 

‘critically endangered’ ABWs, which feed in Antarctic waters during austral summer, and 

breed in warmer waters during austral winter (Branch et al., 2007; Širović et al., 2004). Similar 

bimodal blue whale detections have been reported in migratory corridors in the sub-Antarctic 

(Leroy et al., 2016), and off the coast of Madagascar (Cerchio et al., 2019). There is a general 

paucity of information regarding ABWs in the western South Pacific (Branch et al., 2007), but 

possible breeding areas of ABWs include Tonga and Samoa (Balcazar et al., 2017; Brodie & 

Dunn, 2015). Some ABW calls were detected in acoustic data from the east coast of central 

New Zealand (Wairarapa and Kaikōura) between the two modal peaks (September and 

October). These detections suggest that some ABWs remain within the detection range of the 

east coast recorders during the breeding season. Alternatively, the calls detected during this 

time could have been produced by late northbound whales or early southbound whales. Prior 

to 2019, ABWs were listed as ‘migrant’ in New Zealand, implying that they occurred 

predictably and cyclically, but did not breed in national waters (Baker et al., 2016). These 

findings leave uncertainty regarding the possibility of ABWs using New Zealand waters as a 

breeding ground and thus support their revised national ‘data deficient’ status (Baker et al., 

2019). Further research is required to determine whether ABWs breed in New Zealand waters. 

The year-round acoustic presence of ABWs has been reported at both high and low latitudes 

(Leroy et al., 2016; Samaran et al., 2010; Širović et al., 2007; Širović et al., 2004; Thomisch et 
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al., 2016), implying that their migration is complex and not obligate behaviour (Thomisch et 

al., 2016). However, ABW detections in central New Zealand waters were strongly indicative 

of migratory behaviour, and there was no evidence of their year-round acoustic presence at this 

mid-latitude study site. 

ABW detections implied that the northbound migratory corridor along the east coast of the 

South Island of New Zealand (past Kaikōura) splits in the vicinity of Cook Strait, with some 

ABWs continuing along the east coast of the North Island and some travelling through Cook 

Strait into the STB. During migration, blue whales exhibit apparent preferences for continental 

shelf edges and deep water (Bailey et al., 2009; Branch et al., 2007; Double et al., 2014; 

Gavrilov & McCauley, 2013; Širović et al., 2004), perhaps due to the long-distance 

communication that is possible within such environments. These habitat features exist along 

the east coast of New Zealand and support the idea that some ABWs travel along the shelf edge 

during migration. The large ABW-specific detection area of the Wairarapa recorder included 

the eastern entrance to Cook Strait, meaning that ABWs detected at Wairarapa could have 

migrated through Cook Strait. However, the received levels of ABW calls detected at 

Wairarapa during northbound migration were the loudest ABW calls recorded at this location, 

and much louder than the threshold of the detection area. Therefore, calling animals were likely 

close to the recorder, and hence travelling along the east coast of the North Island. Nonetheless, 

ABW detections were recorded with greatest density in STB. It is possible that some ABWs 

entered the STB from the west, having migrated along the west coast of the South Island. The 

waters of the STB feature high productivity (Chiswell et al., 2017) and are a known hotspot for 

blue whale feeding (Torres, 2013; Torres et al., 2020). Opportunistic ABW feeding occurs 

during migration in other locations (Balcazar et al., 2017; Gill, 2002; Gill et al., 2011; 

Tripovich et al., 2015), and migration through the STB may therefore allow ABWs to forage 

before or after the breeding season. If ABWs feed opportunistically during migration, resource 

competition could occur between the two blue whale sub-species in New Zealand waters. A 

larger number of ABW calls were detected in the STB in winter 2017 than in winter 2016, 

although it is not known whether this was a reflection of greater productivity in the area. 

In addition to the seasonal presence of ABWs, the STB proved to be an important location for 

PBWs, as evidenced by the high number and density of sub-species specific calls, particularly 

during austral autumn (March to May). Barlow et al. (2018) also reported 100% daily acoustic 

presence of PBWs in the STB during austral autumn 2016. In south-west Australia, calls of 

east Indian Ocean PBWs also peak during austral autumn (between February and May) 
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(Gavrilov & McCauley, 2013; McCauley et al., 2018; Stafford et al., 2011). Unlike ABWs, 

PBWs do not migrate to Antarctica to feed (Branch et al., 2007; see Attard et al., 2012 for 

exceptions), and therefore rely on local productive feeding areas, such as the STB (Barlow et 

al., 2020). An autumn peak in calling in the STB may be related to feeding activity, as observed 

in Australian waters (Gill, 2002). Male blue whales produce song year-round (Leroy et al., 

2016; Thomisch et al., 2016), but song production may be mutually exclusive with feeding due 

to differences in energy requirements and depth between feeding and singing (Hazen et al., 

2015; Oleson et al., 2007; Stafford et al., 2005; Wiggins et al., 2005). In order to explain the 

large number of call detections made during a presumed feeding period, the whales must have 

been exhibiting different behavioural states, with some singing and some feeding. Male PBWs 

could alternate between the two behaviours throughout the day, with song produced during 

times when feeding is not conducted (Lewis & Širović, 2018; Oleson et al., 2007). As female 

blue whales are not thought to produce song, they may spend more time feeding. 

Assuming that the number of call detections is proportional to the number of PBWs present, 

an aggregation of PBWs likely occurs in the STB, particularly during austral autumn. The 

variation observed in the received levels of PBW calls at STB indicated that PBWs occurred 

throughout the STB detection area, and likely beyond. The STB detection area overlapped 

somewhat with the detection area of the Cook Strait recorder, which could have resulted in 

double counting of some calls, but this would have scarcely altered the STB results. 

Aggregations of blue whales are rare in the southern hemisphere, with most animals occurring 

alone or in pairs (Branch et al., 2007; Garcia‐Rojas et al., 2018; McCauley et al., 2018). The 

STB is an important industrial area in New Zealand waters. The presence of a PBW aggregation 

in the STB should promote the undertaking of further study in the region to determine fine-

scale habitat use, their seasonal persistence of use, and whether static or dynamic protective 

measures should be implemented. Protective measures could include scheduling anthropogenic 

activities outside of key periods of PBW presence, although the seasonal movements of 

‘critically endangered’ ABW through this region should also be taken into consideration. 

PBW detections were greatest during autumn at Kaikōura, and these calls were received at 

relatively high intensities. A satellite-tagged PBW spent several days off the Kaikōura coast in 

autumn 2018 (Goetz et al., 2020), and also spent time in a known feeding area off the coast of 

Oamaru, further south on the east coast of the South Island (Goetz et al., 2020; Olson et al., 

2015). Here, PBW calls were also received at Kaikōura, and increased in number and density 

at Wairarapa, during austral spring (September and October), when detections declined at the 
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STB and Cook Strait recording locations. Future research should investigate the spatial 

distribution and habitat use of blue whales along the east coast of the South Island, as this 

region may provide important resources for PBWs. Such research can now be conducted with 

greater confidence in the likely sub-species identity of observed blue whales, given the insights 

into ABW temporal presence provided here.  

The decline in PBW detections in spring at Cook Strait and STB may have been a result of 

PBWs, particularly vocal mature males, undertaking movements away from Cook Strait and 

the STB. The received levels of the PBW calls at STB were lower during autumn than at other 

times of year, suggesting PBWs had indeed moved further from the recording location. Barlow 

et al. (2018) also reported a decline in PBW calls in the STB during September and October 

2016, although PBW calls were detected consistently year-round in deeper water to the west 

of the STB. Movements of individual PBW are largely unknown; two satellite tag deployments 

and ten inter-annual photographic resightings have been made, revealing movement between 

the east and west coasts of New Zealand (Barlow et al., 2018; Goetz et al., 2020; Olson et al., 

2015). PAM provides a population-level insight into spatial and temporal distributions, but 

alternative methods, such as photographic mark-recapture, genetic sampling, or satellite tag 

deployment would be required to ascertain individual-specific movements (Goetz et al., 2020). 

The calls produced by PBWs in New Zealand have also been recorded in Tonga, as well as the 

south and east coasts of Australia (Balcazar et al., 2015; McCauley et al., 2018), and south of 

Tasmania (Miller et al., 2019), suggesting that the population has a larger distribution than just 

New Zealand national waters. Fewer call detections in the STB and Cook Strait during autumn 

could have also resulted from vocal animals entering a behavioural state where they produced 

song at a reduced rate, or not at all. The proportion of mature males that produce song at a 

given time is largely unknown, although McCauley et al. (2001) suggested that less than 28% 

of PBWs call at a given time.  

Consistent acoustic monitoring over time can provide insight into movements and inter-annual 

variation in distribution. In this relatively short-term study, the timing of the northbound ABW 

migration differed between 2016 and 2017, shifting from the end of June in 2016 to the end of 

July and into August in 2017. Specific drivers underpinning the timing of ABW migration 

could include ice cover or food abundance at high latitudes (Hauser et al., 2017; Szesciorka et 

al., 2020). Such large inter-annual variation in ABW migration timing could lead to challenges 

when scheduling anthropogenic activities to occur outside of important blue whale periods. 

Individual-specific information would aid in determining appropriate protective measures, if 
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these were to be considered. Marine top predators, such as blue whales, can be considered 

ecosystem sentinels (Hazen et al., 2019) and their movements and distributions can be directly 

related to prey availability, often driven by physical oceanography, both on local and global 

scales (Barlow et al., 2020). As such, movement data from individual animals may provide 

insight into whether dynamic protective measures that are responsive to external drivers would 

be more effective than static areas of protection (Dwyer et al., 2020; Hartel et al., 2015). 

Individual-specific methods, such as genetic sampling, would also be essential to elucidate the 

demographic information necessary to interpret call detections into population-level 

inferences. The results presented here are only relevant for singing blue whales, which are 

presumed to be mature males. Secondary information regarding the sex ratio of animals in the 

study area is available only for PBW (not significantly different from 1:1) (Barlow et al., 2018); 

non-singing female blue whales could behave differently to song-producing males, and may 

even have different spatial or temporal distributions. Further insight could be gained from the 

current dataset via an analysis of ‘D’ calls, which are produced by males and females of all 

sub-species of blue whale, and have been associated with multiple behavioural contexts (Lewis 

et al., 2018; Oleson et al., 2007; Schall et al., 2019). As they are not sub-species specific, ‘D’ 

calls were not considered within the scope of this study, but their temporal and spatial 

distribution in central New Zealand could reveal nuances in blue whale activity across sexes 

that are not demonstrated here. 

Many assumptions are required in terms of estimating detection ranges through acoustic 

modelling; variation in source levels, calling depths, and ambient noise can have a dynamic 

impact on detection areas over time (Miksis-Olds et al., 2015; Samaran et al., 2010; Stafford 

et al., 2007). Here, estimated blue whale detection areas from one month per sub-species (June 

2016 or March 2017) were extrapolated across both deployment periods. Specific acoustic 

events, such as the seismic survey recorded at Wairarapa during 2016 and 2017, were generally 

not incorporated in the ambient noise levels included in the models to avoid biased detection 

area estimates. Ambient noise levels that were higher than average would have resulted in 

smaller detection areas. Moreover, these events could have influenced call detection likelihood, 

and even blue whale presence or calling behaviour, as noted in other locations (Di Iorio & 

Clark, 2010; Melcón et al., 2012). The use of median detection thresholds was selected as an 

approach to balance the various sources of uncertainty. The largest contributor to variability is 

ambient noise, which can vary significantly. As noted during the analysis of data, periods of 

low ambient noise allowed very quiet calls to be annotated with confidence. The calls annotated 
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during the quieter periods were likely to be those with received levels below the detection 

thresholds associated with the predicted median detection areas. Additional contributors to 

uncertainty in detectability, albeit with a lesser contribution than ambient noise levels, were 

the source levels of blue whale calls and the depths at which calls may have been produced. 

Regardless, the use of estimated detection areas to scale call detections provided a useful 

comparison across sites. 

In the deep waters to the east of central New Zealand, blue whale calls and other sounds in the 

25 Hz-centred decidecade band could have propagated from areas outside of the 250 km 

maximum modelling range. The formation of sound channels in deep water enables long 

distance propagation, particularly of low frequency sounds, such as blue whale calls (Miller et 

al., 2015; Stafford et al., 1998; Wille, 2005). The high number of ABW detections at the east 

coast recorders was likely in part due to the large potential detection areas. Detection areas for 

the Cook Strait and STB recording locations were markedly smaller; sound propagation was 

somewhat constrained by land masses, but sandy seabed sediments and relatively shallow water 

depths also limited sound transmission (McPherson et al., 2019; Wille, 2005). The modelled 

detection areas indicated that all blue whale calls detected at the STB recorder were produced 

inside the STB, enabling the importance of this region for blue whales to be truly highlighted. 

Estimating the effective detection area of an acoustic recorder is a necessary step to be able to 

estimate animal density from call detections (Marques et al., 2013; Nuuttila et al., 2018). 

Density estimation requires knowledge of additional multipliers, such as call production rates 

(Marques et al., 2013), which have yet to be estimated for blue whales, but in a New Zealand 

context, density estimates could be extremely valuable, providing confidence to estimates of 

PBW population size (Barlow et al., 2018), and an ability to investigate the recovery of the 

ABW population subsequent to the cessation of whaling (Branch et al., 2004; Branch et al., 

2007; McCauley et al., 2018). 

PAM is an ideal method to improve the understanding of blue whale sub-species distributions. 

An acoustic approach enabled consistent coverage of offshore waters that would be logistically 

impossible to survey via boat or air with the same resolution. In addition, PAM allowed for the 

sub-species identification of blue whales that is often not possible during visual observations 

in the field. The findings revealed that New Zealand is a migratory corridor for ABWs, and 

during migration, this sub-species is sympatric with PBWs in central New Zealand. PBWs were 

detected throughout both recording periods, and throughout the study region, supporting their 

‘resident native’ status in New Zealand (Baker et al., 2019). The study accentuated the need to 
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interpret acoustic detections in the light of acoustic detection areas, especially when comparing 

detections across recording locations. In doing so, the relative importance of the STB was 

revealed; the migration route of ‘critically endangered’ ABWs passes through the STB during 

winter and spring, and an apparent aggregation of PBW occurs in the STB year-round, 

particularly during austral autumn. This study revealed that the east coast of the South Island 

may also provide important habitat or resources for PBWs, and ABWs may breed in this area; 

these hypotheses deserve further investigation. Blue whale information that is not sub-species 

specific is not useful to inform management due to the different threat classifications of ABWs 

and PBWs, and future conflation should be avoided as ABW and PBW distributions are 

markedly different over time and space. An acoustic approach to study the distribution of blue 

whales is highly appropriate, and findings can be used to inform management of blue whales, 

with confidence in sub-species identity. 
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CHAPTER 4. MIGRATORY INSIGHTS FROM SINGING 

HUMPBACK WHALES RECORDED AROUND CENTRAL NEW 

ZEALAND 

 

4.1. Introduction 

Large-scale animal movements, known as migrations, are commonly exhibited when a spatial 

disparity exists in the location of resources (Stern & Friedlaender, 2018). Migratory routes 

between resources can be difficult to study for wide-ranging animals, particularly those in the 

marine environment that can be challenging to locate and track. Humpback whales (Megaptera 

novaeangliae) undertake some of the longest migratory journeys of any mammal (Robbins et 

al., 2011; Stern & Friedlaender, 2018), due to spatial disparity in preferred feeding and 

breeding grounds. In the South Pacific, humpback whales mate and calve during the austral 

winter at breeding grounds that shelter genetically distinct populations (Constantine et al., 

2012; Olavarría et al., 2007; Rosenbaum et al., 2017). Some transience and interchange of 

individuals has been observed among breeding areas (Derville et al., 2020; Garrigue et al., 

2011a; Garrigue et al., 2011b; Madon et al., 2013; Orgeret et al., 2014; Steel et al., 2017), but 

most animals return to the same location each year (Garrigue et al., 2011a) due to maternally-

driven site fidelity (Baker et al., 2013), in spite of a lack of geographical barriers between 

breeding areas (Olavarría et al., 2007). 

During the austral summer, humpback whales feed at high latitudes. Historically, South Pacific 

whales were thought to feed in Antarctic areas roughly south of their breeding grounds 

(Chittleborough, 1959; Dawbin, 1964). However, recent studies using satellite tags, 

photographic mark-recapture, and genetic analyses have revealed that humpback whales spread 

across a vast range of circumpolar longitudes during the feeding season and mix with whales 

from other breeding areas (Albertson et al., 2018; Amaral et al., 2016; Constantine et al., 2014; 

Gales et al., 2009; Garland et al., 2013a; Hauser et al., 2010; Riekkola et al., 2019; Riekkola et 

al., 2018; Robbins et al., 2011; Rosenbaum et al., 2017; Steel et al., 2017). This complexity in 

movement, in conjunction with limited resources to study their lengthy migration patterns, 

results in a paucity of understanding about the migratory routes of humpback whales that breed 

in the South Pacific. 

New Zealand lies between the feeding and breeding grounds of western South Pacific 

humpback whales, and seasonally hosts migrating whales. Historically, humpback whales 
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migrated northbound past mainland New Zealand between May and August, following 

multiple routes to their breeding areas (Dawbin, 1956). An individual’s choice of migration 

route could be influenced by the location of the feeding ground from which it is coming 

(Dawbin, 1964), the breeding ground to which it is going (Dawbin, 1964; Steel et al., 2014), 

or its demography (such as sex, age class or reproductive status) (Brown & Corkeron, 1995; 

Riekkola et al., 2019; Valsecchi et al., 2010). The seasonal presence of humpback whales 

around mainland New Zealand was historically exploited by land-based whaling operations 

(Dawbin, 1956). Following the collapse of South Pacific humpback whale populations due to 

extensive hunting pressure, New Zealand’s whaling stations closed in the 1960’s (Clapham & 

Baker, 2018). Recovery of western South Pacific humpback whale populations has since 

occurred, to differing extents (Constantine et al., 2012; Derville et al., 2019; Noad et al., 2019), 

and increasing numbers of humpbacks are now observed during migration past mainland New 

Zealand (Gibbs & Childerhouse, 2000; Gibbs et al., 2017). A range of research methods have 

revealed linkages between humpbacks migrating through New Zealand waters to breeding 

areas in East Australia and western Oceania (namely New Caledonia, Fiji, and Tonga) 

(Andrews-Goff et al., 2018; Chittleborough, 1959; Constantine et al., 2007; Dawbin, 1964; 

Franklin et al., 2014; Gales et al., 2009; Garrigue et al., 2010; Gibbs et al., 2017; Riekkola et 

al., 2018; Steel et al., 2017; Steel et al., 2014). 

During the southbound migration, between September and December, humpback whales are 

less commonly sighted around mainland New Zealand (Dawbin, 1956; Gibbs & Childerhouse, 

2000; Steel et al., 2014). Recently, it was found that at the most northerly extent of New 

Zealand, the Kermadec Islands, large numbers of southbound humpback whales converge from 

multiple Oceanian breeding grounds before proceeding south and south-east to Antarctic 

feeding grounds, without passing mainland New Zealand (Garrigue et al., 2015; Garrigue et 

al., 2010; Owen et al., 2019; Riekkola et al., 2018). Satellite tag data have also revealed that 

southbound East Australian humpback whales generally do not travel via New Zealand, except 

for a few that cross the Tasman Sea to the west coast of New Zealand’s South Island before 

turning south to Antarctica (Andrews-Goff et al., 2018; Gales et al., 2009). 

In addition to satellite tracking, and photographic and genotype identification, humpback 

whales can be linked to their respective breeding grounds via acoustic data. Male humpback 

whales produce cyclic, stereotyped vocalisations with hierarchical structure, known as ‘song’ 

(Payne & McVay, 1971). Song is composed of sound ‘units’, which are produced in a 

stereotyped sequence to make a ‘phrase’; phrases are repeated multiple times to produce a 
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‘theme’, and multiple different themes are sung in a stereotyped order to create a ‘song cycle’. 

Song commonly differs between breeding grounds each year during the breeding season, and, 

in general, all males on a breeding ground sing the same version of a song (termed ‘song type’) 

(Garland et al., 2011; Helweg et al., 1998; Payne & Payne, 1985). Robust, repeatable analyses 

are available for quantitative song matching (Garland et al., 2017b). The song produced by a 

male humpback whale can indicate which breeding population it is most likely associated with 

within a given year (Darling et al., 2019; Garland et al., 2011; Owen et al., 2019). Therefore, 

acoustic monitoring provides a cost-effective, broad-scale, all-weather and long-term study 

methodology that can expand on results obtained using other methods. 

Humpback whales are ‘vocal production learners’, meaning that they can modify their acoustic 

signals following exposure to other signals (Janik, 2014). In the South Pacific, there is an 

eastward transmission of song between breeding grounds over consecutive years (Garland et 

al., 2011), which is assumed to be the result of cultural transmission. However, as with other 

humpback whale populations, breeding grounds in the South Pacific are acoustically isolated 

from each other due to the distances between them and it is not possible for whales to hear 

songs sung at other breeding grounds. Payne and Guinee (1983) proposed that song 

transmission could occur when individuals moved between breeding grounds within a year, 

when individuals moved between breeding grounds between years, or on shared feeding 

grounds, and/or on shared, or partially shared, migration routes. It is not uncommon to record 

humpback song outside of breeding grounds (Cato, 1991; Garland et al., 2013a; Payne & 

McVay, 1971; Stimpert et al., 2012), including during migration past mainland New Zealand 

(Helweg et al., 1998; Kibblewhite et al., 1967; McDonald, 2006). Given that the migratory 

corridor through New Zealand waters has been connected to multiple breeding areas in the 

western South Pacific (Andrews-Goff et al., 2018; Chittleborough, 1959; Constantine et al., 

2007; Dawbin, 1964; Franklin et al., 2014; Garrigue et al., 2010; Gibbs et al., 2017; Riekkola 

et al., 2018; Steel et al., 2017; Steel et al., 2014), it is feasible that song transmission could 

occur around mainland New Zealand. 

Here, we examined humpback whale song detected in passive acoustic data collected in central 

New Zealand during 2016, and in conjunction with song recorded on western South Pacific 

breeding grounds in 2015 to 2017, we aimed to address four questions: 1) When is humpback 

whale song detected in central New Zealand waters?  2) Which migration route(s) do singing 

humpback whales take around central New Zealand? 3) What is the likely breeding ground 

destination of these whales, as suggested by song? 4) Do the data help to explain when or where 
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song may be culturally transmitted? The results of this study will expand upon recent land-

based survey information about humpback whale occurrence around mainland New Zealand, 

and improve our broader understanding of complex humpback whale migrations and dynamic 

song transmission in the western South Pacific. 

 

4.2. Methodology 

4.2.1. Song recordings 

There are three principle migratory routes for humpback whales passing central New Zealand 

(Dawbin, 1956). Some whales migrate north along the east coasts of the South and North 

Islands, others remain further offshore and to the west of both islands, and some pass through 

Cook Strait in central New Zealand, which, in a northbound direction, connects the east coast 

of the South Island to the west coast of the North Island (Figure 4.1). In order to capture the 

different routes through central New Zealand, four Autonomous Multichannel Acoustic 

Recorders (AMARs, JASCO Applied Sciences) were deployed around central New Zealand 

from 4 June to 21 December 2016 (Figure 4.1). Off the coasts of Kaikōura (42.31°S, 174.21°E) 

and Wairarapa (41.61°S, 175.90°E), AMARs were moored approximately 10 m from the sea-

bed at depths exceeding 1 km (Figure A1.2). In the South Taranaki Bight (STB) (40.42°S, 

174.50°E) and Cook Strait (41.09°S, 174.55°E), recorders were bottom-mounted in water 

depths shallower than 300 m (Figure A1.1). AMARs sampled with a duty cycle of 900 s: 630 

s at 16 kHz (WAV format, 24 bit), 125 s at 250 kHz (WAV format, 16 bit), and 145 s of sleep. 

New Zealand data were collected during 2016, thus song from the closest breeding populations 

was obtained for the year prior (2015), the same year (2016) and the year after (2017). East 

Australian song was recorded approximately 1.5 km off Peregian Beach, Queensland (26.48°S, 

153.10°E) (Garland et al., 2011; Noad et al., 2000; Smith et al., 2008) (Figure 4.1). While this 

is a migratory corridor, around 600 km south of the East Australian breeding grounds around 

the Great Barrier Reef (Smith et al., 2012), there is extensive evidence that breeding activities 

also occur near Peregian Beach (Brown & Corkeron, 1995; Dunlop & Noad, 2016; Dunlop et 

al., 2008; Smith et al., 2008). East Australian data were recorded using two Acousonde 

recorders (Acousonde 3-A with external battery housings, Greenridge Sciences) moored 4 m 

from the seabed in 25 m of water, with a sampling rate of 25.8 kHz, 16 bit, and 9 kHz low-pass 

filter. Recordings were made using lossless compression, and were later decompressed to 

WAV files. The two recorders featured alternating 12-hour duty cycles, resulting in continuous 
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recording. Recordings were made during both the northbound and southbound migrations 

(2015), southbound only (September – October; 2016) or northbound only (June – July; 2017). 

Song was also available from the New Caledonia breeding ground for 2015, 2016 and 2017 

(Figure 4.1). Song was recorded using a moored recorder (SM2M+Whalesong recorder, 

Wildlife Acoustics, SMX-II microphone) deployed at approximately 60 m depth, between July 

and September in the southern lagoon of New Caledonia (22.5°S, 167.0°E). Data were recorded 

for 18 hours of every 24 hours, with a sampling rate of 22 kHz, and 3 Hz high-pass filter. As 

with the Acousonde recorders, recordings were made using a proprietary lossless compression 

format and later converted to 16 bit WAV files. 

 

 

Figure 4.1. Map of the western South Pacific, indicating humpback whale breeding grounds (East Australia, 

New Caledonia, Fiji, and Tonga) and the location of the Kermadec Islands. The black arrow indicates the 

location of Peregian Beach where the East Australian recordings were made. Inset: acoustic recording locations 

around central New Zealand, illustrated as red circles. 
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4.2.2. Detection of song in New Zealand data 

In order to identify humpback whale song in the New Zealand data, the PAMGuard whistle 

and moan detector (Gillespie et al., 2013; Gillespie et al., 2009) was applied to all 16 kHz data 

from the four recording locations (full details provided in Appendix 2.1). The detector outputs 

were used to direct in-depth examination of the data; data from time periods with detections 

were thoroughly manually examined to determine the presence or absence of humpback whale 

song. All 16 kHz files containing PAMGuard detections were opened and viewed as 

spectrograms in Raven Pro (Center for Conservation Bioacoustics, 2014) with FFT length 

1024, Hann window with 75% overlap. Files were categorised as 0 (no song), 1 (song evident, 

but with low signal to noise ratio (SNR)), or 2 (high SNR song, suitable for analysis). The SNR 

of song in category 2 was approximately 10 - 20 dB above background noise. Song presence 

was classified as any file containing song, regardless of quality, and was used to calculate the 

percentage of files per day containing song, per recording location. In order to identify the start 

and end of humpback song presence in the data, files recorded before and after those with 

PAMGuard detections were also checked. Humpback whale song, as a proxy for vocal animal 

presence, was deemed to have ceased when at least five full days of recordings contained no 

song at any recording location. 

 

4.2.3. Song transcription 

New Zealand data that contained high quality song (i.e., category 2) were further analysed to 

transcribe the sequence of units. Each song unit was ascribed a descriptive name based on its 

subjective features following previous studies (Dunlop et al., 2007; Garland et al., 2017b). In 

the New Zealand data, all high quality song from all recording locations was transcribed (Table 

4.1). In addition to song detected in the 16 kHz data, song recorded during the intervening 250 

kHz duty cycle was also transcribed to maximise the quantity and duration of transcribed song. 

The 250 kHz files were opened and viewed in Raven Pro with FFT length 16,384, Hann 

window with 75% overlap. Song samples in the New Zealand data were 40 to 85 minutes in 

length, comprising several duty cycles of recording; song was analysed within the constraints 

imposed by the non-recording period of each duty cycle. Within a passive acoustic monitoring 

framework, it is not possible to know whether song was produced by multiple consecutive 

males, or by one animal that remained in a locale and sang repeatedly. Here, high quality song 

was recorded with several days separation at each New Zealand recording location, thus, each 

song sample was treated as a different, individual whale. 
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Songs were also transcribed for New Caledonia and East Australia for each year, when it was 

possible to consistently identify one singing individual for at least 30 minutes (Table 4.2). 

Songs were transcribed in Raven Pro (using the same parameter values as the New Zealand 16 

kHz data) for a maximum of 60 minutes. Three song sessions were transcribed per location and 

per year. Owen et al. (2019) previously identified two song types in the New Caledonia 

breeding ground in 2015, and both of these were transcribed for this study (henceforth labelled 

A and B), making a total of six transcribed songs for New Caledonia in 2015 (Table 4.2). 

Where possible, within the constraints of high quality song recordings, the transcribed East 

Australian and New Caledonian songs were recorded at a similar time of year as the recordings 

made in New Zealand. 

 

Table 4.1. Transcribed New Zealand 2016 song data from two locations resulting in six recording events 

(‘individuals’). The recording ID (X, Y or Z) identifies each analysed song session per location/year combination. 

Recording location STB = South Taranaki Bight. Duration = duration of transcribed song, inclusive of duty cycled 

non-recording periods (145 s per 900 s). 

Recording 

location 
Year Recording ID Date 

Duration 

(mins) 
Migration stage 

STB 2016 X 2 July 55 Northbound 

STB 2016 Y 5 July 55 Northbound 

STB 2016 Z 21 July 60 Northbound 

Cook Strait 2016 X 10 July 60 Northbound 

Cook Strait 2016 Y 22 July 40 Northbound 

Cook Strait 2016 Z 9 August 85 Northbound 
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Table 4.2. Transcribed song data from 21 recording events from 2015 – 2017 from two breeding populations: 

New Caledonia and East Australia. The recording ID (X, Y or Z) identifies each analysed song per location/year 

combination. Duration = duration of transcribed song. 

Recording 

location 
Year Recording ID Date 

Duration 

(mins) 
Migration stage 

New 

Caledonia 

2015, 

song type 

A 

X 17 July 48 

Breeding ground Y 18 July 32 

Z 23 Aug 47 

New 

Caledonia 

2015, 

song type 

B 

X 5 Aug 45 

Breeding ground Y 6 Aug 51 

Z 18 Aug 52 

New 

Caledonia 
2016 

X 25 July (am) 60 

Breeding ground Y 25 July (pm) 55 

Z 28 July 55 

New 

Caledonia 
2017 

X 5 Aug 53 

Breeding ground Y 24 Aug 45 

Z 29 Aug 52 

East Australia 2015 

X 18 July 30 End of northbound 

migration Y 23 July 40 

Z 17 Sept 44 
Start of southbound 

migration 

East Australia 2016 

X 25 Sept 40 

Start of southbound 

migration 
Y 27 Sept 50 

Z 19 Oct 51 

East Australia 2017 

X 6 July 41 

End of northbound 

migration 
Y 17 July 44 

Z 18 July 44 

 

 

4.2.4. Quantifying unit classification using Random Forest 

A total of 71 unit types were qualitatively described during transcription of the New Zealand, 

New Caledonia and East Australia songs (Table A2.1). To ensure unit classifications were 

robust and repeatable across the data set, multiple acoustic parameters were measured for all 
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units from one high quality example of each phrase type that was present for each location/year 

combination. Following Dunlop et al. (2007), Raven Pro (spectrogram parameters supplied 

above) was used to calculate duration, bandwidth, peak frequency, high frequency, and low 

frequency of the fundamental frequency of each unit. The start frequency, end frequency, 

frequency trend (start frequency ÷ end frequency), frequency range (high frequency ÷ low 

frequency), number of inflections, pulse repetition rate (per second), and a qualitative name 

per unit were also recorded manually, following Dunlop et al. (2007) and Garland et al. 

(2017b). A Random Forest analysis (R package ‘randomForest’ (Liaw & Wiener, 2002)) was 

conducted in R (R Core Team, 2020) to test the agreement in qualitative unit classification 

using qualitative name as the dependent variable (mtry = 3, 1000 trees grown) (Garland et al., 

2015a; Garland et al., 2017b). The Random Forest classified each unit based on its quantitative 

parameter values and resulted in a confusion matrix revealing which units were classified 

together, what variable was most informative, which unit types were often mis-classified, and 

how this corresponded to qualitative classification (Table A2.2). The out-of-bag (OOB) error 

rate was 15.84% indicating a high level of agreement between qualitative and quantitative unit 

classification, confirming that unit classifications were robust and repeatable. 

 

4.2.5. Assigning unit sequences to phrase types using the Levenshtein Distance 

Phrase and theme assignments were undertaken following the methods of Garland et al. 

(2017b), which have been used in previous studies (Garland et al., 2013b; Garland et al., 2015b; 

Garland et al., 2017b; Owen et al., 2019). During transcription, unit sequences were 

qualitatively assigned to phrases. Phrases were assigned a number (e.g., phrase 1, phrase 2), 

with small variations within a phrase (e.g., phrase types) denoted as ‘A’, ‘B’ and so forth, if 

they occurred consistently (Table A2.3). To check the robustness of phrase type assignment 

across all songs, regardless of location or year they were recorded, a normalised version of the 

Levenshtein Distance (LD) was conducted; the Levenshtein Distance Similarity Index (LSI). 

The LD calculates the number of insertions, substitutions and deletions required to change one 

string into another string, while the LSI standardises this comparison by dividing the LD result 

by the length of the longest sequence in the pair to reveal which strings are most similar (as a 

proportion). The LSI was calculated in R using custom-written code (package ‘leven’, available 

at http://github.com/ellengarland/leven) for every possible pair of phrase strings (i.e., a 

sequence of units), resulting in a theme similarity matrix (that documents within-group and 

between-group similarities) to verify qualitative phrase type assignments. Utilising the LSI to 

http://github.com/ellengarland/leven
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check phrase type assignment ensured a robust and repeatable classification method at this 

level within the song hierarchy. 

Hierarchical clustering of the LSI similarity matrix of phrase strings (n = 3,183; Table A2.3) 

was conducted to check phrase type assignments, and visually displayed as a dendrogram to 

show phrase connections. The cophenetic correlation coefficient (CCC) was calculated to 

compare dendrograms to determine the most appropriate clustering method for the data 

(considered ‘good’ if value > 0.8 (Sokal & Rohlf, 1962)). A comparison of CCCs confirmed 

that ‘average linkage’ clustering generated a better representation of the connections within the 

data than ‘single linkage’ clustering (CCC= 0.92 vs CCC= 0.61, respectively). A weighted 

analysis was also run following Garland et al. (2017b) and produced similar results in phrase 

type assignment, therefore the unweighted analysis was chosen as the CCC value was slightly 

higher (CCC= 0.92 compared to CCC=0.90 for the weighted analysis). Once the clustering 

method and weighting had been determined, hierarchical clustering of the LSI theme similarity 

matrix was bootstrapped (1000 times), using the ‘hclust, ‘pvclust’ (Suzuki & Shimodaira, 

2006) and ‘leven’ packages in R to ensure the resulting dendrogram structure was stable and 

likely to occur. The bootstrap analysis generated approximately unbiased (AU) values; in order 

to support the structuring, AU values exceeding 95% were desirable. 

To represent each phrase type with a single string, thereby condensing variability within 

phrases, the most representative unit string (median string) was obtained for each phrase type 

per location and year (Table A2.3); all pairwise LSI values were summed and the string with 

the largest value was deemed the median string as it was most similar to all other strings within 

the set (following Garland et al. (2013b) and Garland et al. (2017b)). Variability within each 

overall set is reported (i.e., within-set similarity; Table A2.3). The LSI phrase median string 

similarity matrix was hierarchically clustered and bootstrapped, as per the theme similarity 

matrix (Figure A2.2). Bootstrap analyses of both the theme similarity matrix and median string 

similarity matrix revealed that unit strings within phrase types were highly similar, with lower 

similarity between phrase types. Phrase type assignments were therefore considered robust. 

 

4.2.6. Matching song sequences across locations and years 

Once phrase assignments, and thus theme assignments, were confirmed, two analyses were 

conducted to match songs among locations, years and recordings: LSI using the ordering of 

themes; and, Dice’s Similarity Index (DSI) based on the presence and sharing of themes 
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regardless of their sequence information (further details for the two methods are provided in 

Garland et al. (2017b)). For the LSI analysis, the order of themes making up each song were 

compiled into strings, with each theme identified by the identification number of its constituent 

phrase type. Each theme was entered into a song string once, in sequence, regardless of whether 

the constituent phrase was sung once or repeated multiple times. The LSI was run on 1) the full 

dataset comprising all song strings to incorporate the variability (theme similarity matrix), and 

2) the median song string per recording to create a point estimate (median string similarity 

matrix) (Appendix 2.4). Both results were average-linkage hierarchically clustered and 

bootstrapped (1000 times) to identify the similarities and connections among songs from each 

location/year/recording combination. 

In addition to the LSI, DSI was also used to examine relationships among songs. DSI takes into 

account the number of shared phrases out of the total number of phrases present between all 

pairs of location/year/recording combinations in order to consider their similarity – see Garland 

et al. (2015b) and Garland et al. (2017b) for further details. Unlike the LSI, DSI does not 

consider the sequence of themes, merely their presence or absence in a song. The DSI analysis 

was run in R using custom written code (available at https://github.com/ellengarland/dice_si). 

As per the LSI analysis, the DSI analysis resulted in an overall similarity matrix, which was 

average-linkage hierarchically clustered and bootstrapped (1000 times). 

 

4.3. Results 

4.3.1. Spatio-temporal presence of humpback whale song in New Zealand 

The PAMGuard detector outputs (Appendix 2.1, Figure A2.1) directed analyses to June, July 

and August 2016. Files containing humpback song were recorded between 8 June and 9 August 

2016 (Figure 4.2). It was not possible to check whether song was absent for at least five full 

days prior to 8 June, as acoustic recordings commenced on 4 June 2016. Humpback song was 

most abundant in data recorded at South Taranaki Bight (STB), while the least amount of song 

was recorded at Wairarapa, none of which was of high quality (i.e., category 2) (Figure 4.2). 

On 21 July, 29 July and 1 August 2016, all files recorded at STB contained song (Figure 4.2). 

Song of high enough quality to transcribe (i.e., category 2) was recorded on six occasions; three 

times each at STB and Cook Strait (Table 4.1). Category 2 song was recorded at STB on 15 

July 2016 (Figure 4.2, turquoise star), but transcription of units was not possible due to 

concurrent singing by multiple animals. 

https://github.com/ellengarland/dice_si
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During September and October 2016, when southbound migration might have been expected 

(Dawbin, 1956; Gibbs & Childerhouse, 2000), PAMGuard detections did not include true song 

detections. During November and December 2016, seismic survey sound could have masked 

song with low SNR and therefore certainty in the absence of southbound humpback song is 

constrained (Figure A2.1). 

 

 

Figure 4.2. Percentage of 16 kHz files (630 s of a 900 s duty cycle) containing song (category 1 or 2) per day in 

2016, per location in New Zealand. Days with high quality song recordings (category 2) used in song matching 

are marked with red stars (n=6). The category 2 song recorded at South Taranaki Bight on 15 July 2016, marked 

with a turquoise star, was not transcribed due to concurrent singing by multiple animals. 

 

4.3.2. New Zealand, New Caledonia and East Australia song 

In total, sixteen themes were present in the analysed songs, of which five themes contained 

multiple phrase types (Table A2.3). In the New Zealand data, five themes (1 – 5) were included 

in all transcribed songs from STB (on 2, 5 and 21 July 2016). These five themes were also 

present in song recorded in Cook Strait on 10 and 22 July 2016 (Figure 4.3, Appendix 2.4). 

At Cook Strait on 9 August 2016, however, only theme 5 was present, but it was accompanied 

by a further three themes (6, 7 and 8) that were not present in the other five New Zealand song 

recordings (Figure 4.3, Appendix 2.4). The song recorded at STB on 15 July 2016 (Figure 

4.2, turquoise star) was not suitable for transcription due to multiple whales singing 
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concurrently with similar SNR, but was qualitatively deemed to contain themes 1-5, and not 

themes 6, 7 or 8. 

In 2015, two song types from two different song lineages were present in New Caledonia, with 

no shared themes (Table 4.3, Appendix 2.4; also identified by Owen et al. (2019)). The East 

Australian 2015 song differed between the northbound and southbound migration (Table 4.3, 

Appendix 2.4). Three themes (5, 6, 8) were present in the median song string recorded during 

the 2015 northbound migration in East Australia; these themes were also evident in one of the 

2015 New Caledonia song types (B), in the New Zealand Cook Strait song on 9 August 2016, 

and in song recorded in New Caledonia in 2016 (Table 4.3, Appendix 2.4). The song recorded 

during the 2015 southbound migration in East Australia contained the themes 1, 2, 3, 4, and 5 

(Table 4.3, Appendix 2.4); only theme 5 had been present in the northbound song. These five 

themes were present in the majority of songs recorded in New Zealand in 2016 and were also 

present in 2016 New Caledonia song (Table 4.3, Appendix 2.4). Of the eight themes recorded 

in New Zealand in 2016, one was present in East Australia during the southbound migration in 

2016 (theme 3), accompanied by three ‘new’ themes (9, 10 and 11) (Table 4.3, Appendix 2.4). 

In 2017, the southbound themes from East Australia in 2016 were repeated during the 

northbound migration in East Australia, and were also present in New Caledonia (Table 4.3, 

Appendix 2.4). 

 

 

Figure 4.3. Spectrograms of the two song types recorded in central New Zealand in 2016 (FFT length 4096, 

Hann window, 75% overlap, displaying 4 kHz and 140 s, generated in Raven Pro 1.5). 
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Table 4.3. Song themes present at each location and year. Dashes indicate year/location combinations without 

data. Song lineages are marked either blue or green, and evolution within a song lineage is indicated by the shade 

of the colour. 

Year East Australia New Zealand New Caledonia 

2015 
North: 5, 6, 7, 8, 9 

- 
A: 12, 12b, 13, 13b, 14, 14b, 15 

South: 1, 2, 3, 4, 5 B: 5, 5c, 6, 7, 8, 16 

2016 
North: - 

1, 2, 3, 4, 5, 5b, 6, 7, 8 1, 2, 3, 4, 5, 5b, 6, 7, 8 
South: 3, 3b, 9, 10, 11 

2017 
North: 3, 3b, 6, 9, 10, 11 

- 3, 3b, 4, 9, 10, 11 
South: - 

 

 

4.3.3. Song similarity across the western South Pacific 

Levenshtein Similarity Index 

Hierarchical clustering and bootstrapping of all song strings revealed strong within-year and 

within-location similarities in song (Figure 4.4). Overall, clustering of song was similar when 

all variability among strings was considered (theme similarity matrix; Figure A2.3) as when 

only median strings were compared (Figure 4.4). The ‘A’ song type from New Caledonia 2015 

clustered separately to all other songs (Figure 4.4). The southbound song from East Australia 

2015 (Z) clustered with the New Zealand 2016 song from the STB and Cook Strait (excepting 

the song from 9 August (Z)) (Figure 4.4). The 9 August 2016 (Z) song recorded in Cook Strait, 

New Zealand matched most strongly with the northbound song from East Australia 2015 (X 

and Y), and these three song types were contained in a wider cluster that included the New 

Caledonia 2016 song (Figure 4.4). At a broader level, this cluster also featured the New 

Caledonia ‘B’ song type from 2015 (Figure 4.4). East Australia southbound 2016, East 

Australia northbound 2017 and New Caledonia 2017 clustered together (Figure 4.4), and these 

were all very similar songs sharing five themes (Table 4.3, Appendix 2.4). 

Dice’s Similarity Index 

When the DSI matrix was hierarchically clustered and bootstrapped, results were very similar 

to the LSI analysis (Figure 4.4). Again, the ‘A’ song from New Caledonia 2015 clustered 

separately. The New Zealand 2016 song (except Cook Strait on 9 August (CS_Z)) clustered 

most strongly with itself, the southbound East Australian 2015 song (Z) and the 2016 New 

Caledonia song (Figure 4.4). This cluster was part of a wider group that included the Cook 

Strait 9 August song (CS_Z), the northbound East Australia 2015 song (X and Y) and the New 
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Caledonia ‘B’ song from 2015 (Figure 4.4). The 2017 song from New Caledonia and 

northbound East Australia clustered together with the 2016 southbound song from East 

Australia (Figure 4.4). 

 

 

Figure 4.4. Bootstrapped (n=1000) dendrogram of average-linkage clustering of median song strings recorded 

at different locations and years, based on Levenshtein Distance Similarity Index analysis. B) Bootstrapped 

(n=1000) dendrogram of average-linkage clustering of theme presence and sharing among different locations 

and years, based on Dice’s Similarity Index. Red dots indicate AU values >95% where divisions were stable and 

likely to occur. Red boxes indicate the resulting clusters. The labels are structured as follows: 

Location_Year_Sub-Location (if applicable)_SongIdentifier. Sub-locations are included for New Zealand 2016: 

STB = South Taranaki Bight; CS = Cook Strait. Two song types (A and B) were present in New Caledonia in 

2015.  
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4.4. Discussion 

Humpback whales on their northbound migration to western South Pacific breeding grounds 

passed through central New Zealand during June, July and early August 2016, as demonstrated 

by song presence. The recorded whales migrated along the east coast of the South Island of 

New Zealand, with most passing through Cook Strait and into the South Taranaki Bight (STB); 

little song was recorded along the east coast of the North Island. Similarities in song themes 

suggested that these whales most likely continued onto the breeding ground of New Caledonia, 

although connectivity with the breeding ground of East Australia could not be ruled out due to 

a data gap for northbound East Australia 2016 song. Song similarities between 2015 and 2016, 

and 2016 and 2017, indicated that song was most likely transmitted from East Australia to New 

Caledonia along shared migration routes and/or on shared feeding grounds during the austral 

summer. Given the occurrence of two song types in the recordings from central New Zealand, 

there is strong potential for song transmission to occur within this migratory corridor. 

 

4.4.1. Spatio-temporal presence of song reveals migratory routes through central New 

Zealand waters 

Northbound humpback whales have been observed in New Zealand waters between May and 

August, the austral winter (Dawbin, 1956; Gibbs & Childerhouse, 2000). Historically, 

observations of northbound whales in central New Zealand peaked from 19 June to 9 July, 

based on data from 1912 to 1955 (Dawbin, 1956). This information was used to inform the 

timing of land-based visual surveys of migrating whales in Cook Strait over a 12 year period 

between mid-June and mid-July 2004-2015 (Gibbs et al., 2017). Here, the data demonstrated 

that singing humpback whales were present in central New Zealand waters between 8 June and 

9 August 2016. The timing of humpback migration through New Zealand waters varies 

between years (Dawbin, 1956), and no acoustic data were available prior to June 2016, but 

passive acoustic monitoring has enhanced our understanding of the spatio-temporal extent of 

the northbound migration period of whales through these waters as they recover post-whaling. 

The location of the acoustic recorders in this study covered known historic and modern 

humpback whale migration paths through central New Zealand. The data suggest that the 

singing whales that passed the Kaikōura recorder on the east coast of the South Island during 

their northbound migration primarily travelled through Cook Strait and into the STB, rather 

than continuing along the east coast of the North Island, past the Wairarapa recording location. 



CHAPTER 4. HUMPBACK WHALES: MIGRATORY INSIGHTS 

74 

 

This conclusion is based on the low numbers of song detections made at Wairarapa. However, 

we cannot reject the hypothesis that whales detected at Kaikōura continued along the east coast 

of the North Island; these animals may have ceased singing, or travelled further offshore to an 

area that was outside of the detection range of the Wairarapa recorder. That said, both historical 

and modern reports also found larger numbers of animals travelling through Cook Strait 

compared to along the Wairarapa coast, which is why Cook Strait was a favoured whaling 

ground (Dawbin & Falla, 1949; Gibbs & Childerhouse, 2000). The song recorded in Cook 

Strait on 9 August 2016 was different to the song recorded at the same location earlier in the 

migratory period, demonstrating consistent use of Cook Strait by mature male whales, despite 

differences in song content. Song produced by humpback whales passing offshore, or to the 

west of New Zealand, outside of the STB, would not have been recorded in this study, and 

presents an area for future research. 

Humpback song can function as a proxy for the presence of mature male whales, but Dawbin 

(1997) reported temporal segregation among whales of  different age and sex classes passing 

through New Zealand waters. As such, song may not be a strong predictor for the migratory 

presence of whales that do not sing (females, juveniles and silent males). Moreover, Valsecchi 

et al. (2010) hypothesised possible sexual segregation in migratory routes of humpback whales 

in the South Pacific, and female or juvenile whales may traverse alternative paths. In order to 

investigate the composition of whales in the migratory corridor, it would be necessary to 

conduct passive acoustic monitoring in combination with individual-specific methodologies, 

such as photographic mark-recapture or genetic sampling, over the whole migratory period to 

understand the relationship between singing-male presence with other demographic groups 

(Steel et al., 2014).  

There were no detections of song from humpback whales during the expected period of 

southbound migration (September – December), although acoustic contributions from seismic 

surveys meant that it was not possible to determine the absence of humpback whale song with 

certainty. However, humpback whale presence would not be expected in high quantities in the 

vicinity of the acoustic recorders during the southbound migration, as satellite tag studies have 

shown little evidence of southward travel near central New Zealand (Andrews-Goff et al., 

2018; Gales et al., 2009; Riekkola et al., 2018). 
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4.4.2. Song connections between New Zealand and breeding populations 

Song recorded in central New Zealand during the northbound migration in 2016 matched song 

recorded on the New Caledonia breeding ground in 2016, and was dissimilar to song recorded 

in East Australia in 2016. The data therefore suggest that the singing humpback whales that 

passed through central New Zealand were on a migratory path towards New Caledonia. New 

Caledonian song is commonly similar to song heard at the breeding ground in Tonga within a 

given year (Garland et al., 2011; Garland et al., 2013b), and similar song is also likely to occur 

at pelagic seamounts adjacent to New Caledonia where humpback whales are found during the 

breeding season (Derville et al., 2020; Garrigue et al., 2015). Thus, the New Caledonian song 

considered here may act as a proxy for western Oceania breeding grounds. Nonetheless, song 

similarity presented here is likely to be indicative of a robust connection between the migratory 

corridor (New Zealand) and the breeding ground (New Caledonia). Indeed, humpback whales 

sampled in New Zealand are most genetically similar to the breeding population in New 

Caledonia (Olavarría et al., 2007; Steel et al., 2014) and photographic mark-recapture studies 

have shown strong links (Constantine et al., 2007). 

That said, sample sizes in this study are small and no song data were available from the 

northbound migration in East Australia in 2016 to compare with song recorded in New Zealand 

in 2016. In 2015, song evolved in East Australia during the breeding season, and the same 

could have occurred during 2016, meaning that the 2016 East Australia song presented here, 

from the southbound migration, would have been dissimilar to the northbound 2016 East 

Australia song and potentially the same as the song recorded in central New Zealand. The New 

Zealand migratory corridor has been connected to the East Australian breeding ground in recent 

times via song matching (Helweg et al., 1998) and other methods (Constantine et al., 2007; 

Franklin et al., 2014; Garrigue et al., 2011b; Gibbs et al., 2017; Steel et al., 2014), and it is 

possible that some whales that migrated through central New Zealand could have travelled on 

to the breeding ground of East Australia. Connectivity between the New Zealand migratory 

corridor and the breeding ground of East Australia cannot be conclusively investigated within 

the present study. 

The results presented here support the hypothesis that the singing humpback whales recorded 

during the northbound migration through central New Zealand travelled on to the breeding 

grounds of western Oceania, but in acknowledging the caveats of the data outlined above, there 

is also a possibility that some whales travelled to the breeding ground of East Australia. Whales 

that traversed other migration routes past New Zealand, outside of the recording area, or those 
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that travelled through the recording area without detection, could have been travelling to 

different breeding areas. 

 

4.4.3. Song evolution, revolution and transmission 

In order for song to be transmitted between whales, individuals must be within the limits of 

acoustic contact, which has been estimated to be ~20 km (Payne & Guinee, 1983). This could 

occur when animals move between breeding grounds (within or between years), while on 

shared feeding grounds, or while following shared or partially shared migration routes (Payne 

& Guinee, 1983). 

In 2015, the ‘B’ song from New Caledonia was the same song produced by northbound East 

Australian whales. The ‘A’ song that was initially present in New Caledonia in 2015 was 

mostly replaced by the ‘B’ song (see Owen et al. (2019) where these two songs are referred to 

as ‘1b’ and ‘2’, respectively). As there were no overlapping themes between the ‘A’ and ‘B’ 

song types (and indeed song lineages), the transition was an example of a cultural revolution 

(Noad et al., 2000) within the New Caledonia breeding area in 2015. It is possible that the ‘B’ 

song was introduced to New Caledonia by transient East Australian males that crossed the 

Coral Sea to New Caledonia during the breeding season, but to date, there is only evidence of 

the reverse movement (Derville et al., 2020; Garrigue et al., 2000). Alternatively, a secondary 

group of whales may have arrived at the New Caledonia breeding ground, from another 

migratory corridor, having received greater exposure to the East Australian 2015 song. Also 

during 2015, the song produced during northbound migration in East Australia differed from 

the song recorded at the end of the breeding season. As the two song types shared a common 

theme, they are indicative of rapid and extensive song evolution within a single song lineage 

(Cato, 1991; Eriksen et al., 2005) that occurred in East Australia during the breeding season. 

Small sample sizes constrain the assumption that all singing whales in East Australia produced 

the evolved song by the end of the 2015 breeding season. 

During northbound migration in 2016, the song recorded in New Zealand, and subsequently in 

New Caledonia, contained themes which had been present during the southbound migration 

past East Australia in 2015. Some of these themes had been present in New Caledonia in 2015 

as the ‘B’ song type, but it is probable that the additional East Australian themes from 2015 

were transmitted to New Caledonia whales during a period of acoustic contact (sensu Payne & 

Guinee, 1983). The Balleny Islands, directly south of New Zealand, are a known feeding 
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ground for East Australian whales (Andrews-Goff et al., 2018; Constantine et al., 2014). 

Whales from New Caledonia also frequent the Balleny Islands, within acoustic contact of 

animals from the East Australian breeding ground, and this is a possible location for song 

transmission between the two populations while on shared feeding grounds (Constantine et al., 

2014; Garland et al., 2013a). 

A shared, or partially shared, southbound migratory route exists along the east coast of 

Australia as recently highlighted by a few New Caledonian whales that crossed the Coral Sea 

and migrated south with the East Australian migratory cohort (Derville et al., 2020; Garrigue 

et al., 2000). This may provide opportunity for New Caledonian whales to learn the East 

Australian song which could then be transmitted within the New Caledonian population the 

following breeding season. The present study also reveals the potential for song sharing in the 

New Zealand migratory corridor during northbound migration. While the data did not 

conclusively demonstrate the presence of both East Australian and New Caledonian whales in 

central New Zealand, there is genetic and photographic evidence that whales from both 

breeding populations are the primary users of this migratory corridor (Constantine et al., 2007; 

Franklin et al., 2014; Gibbs et al., 2017; Olavarría et al., 2007; Steel et al., 2017; Steel et al., 

2014), and the presence of two song types in the central New Zealand recordings indicated the 

potential for vocal learning to occur in this migratory corridor. Hybrid songs (Garland et al., 

2017a) provide direct evidence of song sharing, but these occur rarely, and recording them in 

the small sample sizes presented here would have been highly unlikely. Hybrid songs have 

previously been noted during southbound migration past the Kermadec Islands, New Zealand 

(Owen et al., 2019), providing further evidence for song sharing among humpback whales 

around New Zealand. 

The possible transmission points discussed above may also underpin the transmission of East 

Australian 2016 song to whales in New Caledonia for the 2017 breeding season. The data 

presented here provide strong support for song transmission during northbound migration. 

While this study does not provide explicit evidence for song transmission within the New 

Zealand migratory corridor, the presence of two song types illustrated a potential location for 

song sharing to occur. The recorded songs provided further evidence of an eastward 

transmission of song across the South Pacific over consecutive years, as has been widely 

reported (Garland et al., 2013a; Garland et al., 2011; Garland et al., 2013b). Data from 

additional years, as well as a future focus on song recording along migratory corridors, would 

help to further understanding of song transmission. 
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4.4.4. Conclusions 

Autonomous passive acoustic instruments deployed in the marine environment of central New 

Zealand recorded singing humpback whales on their northward migration to western South 

Pacific breeding grounds from June until early August. Song detections revealed that the 

predominant migration route from the east coast of the South Island was through Cook Strait, 

rather than along the east coast of the North Island. The recorded song implied the most likely 

breeding ground destination of these whales was New Caledonia, although connectivity to East 

Australia could not be ruled out. Song themes from whales on their southbound migration past 

East Australia in 2015 were heard in New Caledonia in 2016, implying that song transmission 

occurred on summer feeding grounds or on a shared migratory route between the breeding 

seasons of 2015 and 2016. The presence of two song types in New Zealand recordings in 2016 

demonstrated a potential for song sharing to occur in this migratory corridor. The results 

presented here greatly enhance our knowledge of humpback whale movements through central 

New Zealand, and provide information about song transmission and migration routes of 

western South Pacific humpback whales. While many questions remain unanswered, this study 

demonstrates the applicability of passive acoustic monitoring to provide a non-invasive, cost-

effective methodology to study western South Pacific humpback whales, of which, some 

populations are still recovering from the effects of commercial whaling. 
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CHAPTER 5. GENERAL DISCUSSION 

 

Habitat degradation, ship strike, sound exposure, entanglement in fishing equipment, and many 

other phenomena pose threats to large whales. By understanding where whales are, when they 

utilise these areas, and the relative importance of individual areas, it is possible to assess, and 

even mitigate risks. In New Zealand, and the western South Pacific generally, information 

regarding baleen whale distributions has been constrained by the inaccessibility of offshore 

areas where many species are found, and the notoriously unfavourable sea states and weather 

conditions that occur in the region. Reduced baleen whale population sizes subsequent to global 

whaling have also confounded research efforts (Branch et al., 2007; Clapham & Baker, 2018). 

As such, the conservation status of most baleen whale species found in New Zealand waters is 

listed as ‘data deficient’ (Baker et al., 2019), including those that are listed as ‘critically 

endangered’ globally (e.g., Cooke, 2018). A key objective of this research project was to 

increase understanding of the spatial and temporal distributions of baleen whales in New 

Zealand waters, and passive acoustic monitoring (PAM) proved to be a valuable research tool 

to address this objective. 

 

5.1. Acoustic insights into baleen whale distributions in New Zealand 

Passive acoustic data recorded in the waters around central New Zealand during 2016 and 2017 

revealed the presence and distributions of several species of baleen whale. In addition to broad-

level distribution information, in-depth analysis of the timing and spectral features of whale 

calls provided insight into whale movement, sympatry, and possible resource use, as well as 

cultural transmission and population connectivity when the acoustic data were considered in 

context with acoustic data from other locations. 

Baleen whale sounds detected in marine soundscapes tend to be stereotyped tonal sounds 

produced with high source level within specific frequency bands (i.e., song) (Ahonen et al., 

2017; Erbe et al., 2015; Gavrilov & McCauley, 2013; Leroy et al., 2016; McDonald et al., 

2006; Menze et al., 2017; Širović et al., 2009; Thomisch et al., 2016; Williams et al., 2014). 

Accordingly, the soundscape of central New Zealand featured major acoustic contributions 

from the song calls of Antarctic blue whales (Balaenoptera musculus intermedia), pygmy blue 

whales (B. m. brevicauda), and humpback whales (Megaptera novaeangliae) (Figure 5.1). 

Calls from Antarctic minke whales (Balaenoptera bonaerensis) and fin whales (Balaenoptera 
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physalus) were also noted during data analyses, as well as possible calls from sei whales 

(Balaenoptera borealis) and southern right whales (Eubalaena australis) (Figure 5.1). Specific 

detectors would be required to expound the distributions of the baleen whale species that were 

not major contributors to the soundscape. Within the constraints of this thesis, it was not 

feasible to examine all calls, especially those that were very rare or identified without 

confidence. Future work should explore the detections of the other noted baleen whale species, 

as equally little is known about their presence and distribution in New Zealand waters. 

 

 

Figure 5.1. The calls of all baleen whale species recorded in central New Zealand. A) Antarctic blue whale Z 

calls, Kaikōura, 27 June 2016. B) Pygmy blue whale song, South Taranaki Bight, 16 July 2016. C) Humpback 

whale song, South Taranaki Bight, 22 July 2016. D) Antarctic minke whale ‘bio-duck’ call, South Taranaki 

Bight, 2 October 2016. E) Fin whale calls, Kaikōura, 27 June 2017. F) Possible sei whale downsweeps, South 

Taranaki Bight, 12 April 2017. G) Possible southern right whale upcalls, Cook Strait, 24 August 2016. A, B, E, 

F) Spectrogram computed with frequency resolution of 0.244 Hz, 2 s Hamming-windowed data and 75% 

overlap. C, D, G) Spectrogram computed with frequency resolution of 1.95 Hz, 0.128 s Hamming-windowed 

data and 75% overlap. Note scale differences on all axes. 

 

Antarctic blue whales (ABWs) and humpback whales occurred throughout the central New 

Zealand region and detections of these species revealed expected migratory behaviour. Whales 

of both species migrated in a northbound direction through central New Zealand during winter 

(June to August), and ABW were detected migrating in a southbound direction during spring 
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(October). Central New Zealand provided an excellent location to study the migratory 

behaviour of baleen whales as the Cook Strait region provided a ‘crossroads’ where whales 

that travelled along the east coast of the South Island had to choose which route to follow 

around the North Island (Dawbin, 1956). Acoustic detections implied that the majority of vocal 

humpback whales and ABWs travelled the same route north. Most whales travelled through 

Cook Strait, into the South Taranaki Bight (STB), with fewer whales travelling north along the 

east coast, past the Wairarapa recorder. These species may visit the STB in an effort to meet 

energetic demands as upwelled waters fuel productivity in the STB year-round (Chiswell et al., 

2017). Migratory feeding has been widely reported in humpback whales (Eisenmann et al., 

2016; Gales et al., 2009; Owen et al., 2015), and ABWs have also been noted to feed 

opportunistically on migration (Balcazar et al., 2017; Gill, 2002; Gill et al., 2011; Tripovich et 

al., 2015). 

Unlike the transient, migratory baleen whale species that passed through the study region, 

pygmy blue whale (PBW) calls contributed to the soundscape of the STB throughout both 

recording periods, albeit with seasonal variation in intensity. Previous research in the STB has 

demonstrated the perennial presence of blue whales (Barlow et al., 2018; Stephenson et al., 

2020), and its importance as a feeding ground (Torres, 2013; Torres et al., 2020), but the 

acoustic detections presented here provided novel information as they were sub-species 

specific and scaled for detection area. Compared to the other recording locations, normalised 

acoustic detections of both blue whale sub-species were high in the STB. Interestingly, whilst 

ABW calls were recorded in the STB, this sub-species is rarely seen; all tissue biopsy samples 

collected from blue whales in the STB (N = ~ 40) have been genetically identified as PBWs 

(Barlow et al., 2018; Goetz et al., 2020), although both PBWs and ABWs have been confirmed 

in the stranding record (Thompson et al., 2013). 

In light of its importance for blue whales, primarily PBWs, the STB has been proposed as a 

location for a marine protection zone. Based on the findings in this study, the STB would seem 

like a suitable area to apply protection, but this is likely to interfere with important economic 

activities arising from sub-sediment commodity reserves and commercial fishing. Future 

proposals for anthropogenic activities in the STB should consider whether the benefits of 

planned activities outweigh any risks to marine fauna that inhabit and migrate through the area, 

particularly ecosystem sentinels (Hazen et al., 2019) like blue whales. In an effort to reduce 

any negative effects, activities could be scheduled to occur outside of PBW feeding or breeding 

seasons (Erbe, 2013; van Opzeeland & Boebel, 2018). However, the seasonal migrations of 
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other large whale species occurred outside of important PBW times so options may be limited. 

Another aspect to consider when proposing protected areas is that the distributions of marine 

mammals are not static (Hartel et al., 2015). In 2018, after the acoustic deployment periods, 

unusually warm waters were present in the STB; the distribution of blue whales extended south, 

along the west coast of the South Island, most likely in response to prey shifts associated with 

changes in oceanographic conditions (Barlow et al., 2020; Goetz et al., 2020). Static areas of 

protection are not optimal for species or populations whose distributions are driven by 

environmental factors, such as temperature or prey availability (Barlow et al., 2020), and 

dynamic protection areas should be investigated in these cases (Dwyer et al., 2020). For 

migratory species that move between counties, ABWs and humpback whales, for example, 

protective measures can require international cooperation, per the Convention on Migratory 

Species. 

A key constraint on blue whale research around New Zealand has been the difficulty of sub-

species identification in the absence of expert observers or genetic samples. Acoustic 

monitoring proved to be an appropriate tool to study blue whales as sub-species identification 

was straightforward. The resulting detections provided the first investigation of ABW 

migratory routes in New Zealand waters, as well as insights into sub-species sympatry and 

differences. It would have been considerably more expensive and logistically challenging to 

survey the two blue whale sub-species with the same spatial and temporal range and resolution 

using aerial or vessel-based surveys. While this study increased understanding about blue 

whales in central New Zealand, there is a lack of understanding about the species’ presence in 

other parts of New Zealand (Miller et al., 2014; Olson et al., 2015). Habitat suitability models 

for cetaceans in New Zealand waters were quantified by Stephenson et al. (2020) from visual 

observation data. The models provided much-needed insight into the potential distributions of 

cetaceans in New Zealand waters, but could be strengthened by the addition of acoustic data. 

As an example, the habitat suitability model for blue whales highlighted the STB as an 

important area (Stephenson et al., 2020), but the information obtained via the present PAM 

project simultaneously supported and disproved the modelled results by distinguishing PBW 

from ABW. Future PAM studies in New Zealand waters could be guided by possible hotspots 

identified through habitat suitability modelling. As well as highly insightful, PAM can also be 

a cost-effective research tool, and is a suitable technique to acquire a large amount of data 

relatively quickly; this could be particularly important where funding for more complex data 

collection is limited. 
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The insights presented here, regarding temporal and spatial variation between blue whale sub-

species, could enable greater information to be obtained from data that were previously 

collected without sub-species information. Whale Watch Kaikōura generously provided their 

baleen whale sightings information pertaining to the acoustic deployment periods to ground-

truth the species identity of acoustic detections made within the scope of this work. However, 

insights can work both ways, and their observations of blue whales can now be considered in 

light of the sub-species specific information reported here. Blue whales were sighted near 

Kaikōura during July and August, in 2016 and 2017, as well as in March 2017 (Figure 5.2). 

Based on the findings of this thesis, it is now possible to assume that the whales sighted during 

winter months (July and August 2016) were more likely to be migrating ABWs than PBWs. 

On the other hand, blue whales sighted near Kaikōura during March 2017 were more likely to 

have been PBWs, as ABWs were not recorded acoustically in central New Zealand during this 

time and were assumed to be feeding at high latitudes. A concentration of PBW calls was 

indeed noted at Kaikōura during March 2017, and further research should target this location 

in March of future years in order to understand how the whales are using the area, their genetic 

linkages to other populations, and why they may be specifically congregating, or calling, off 

the Kaikōura coast. Further south, feeding blue whales have been observed along the east coast 

of the South Island (Olson et al., 2015), and feeding may also occur off Kaikōura. By 

combining results from visual and acoustic methodologies in this manner, the information 

obtained via each method can be increased and future research can be better targeted to 

understand the importance of the region to these whales and inform habitat use models (e.g., 

Stephenson et al. (2020). 

Inferences drawn from acoustic data can be much stronger when considered in concert with 

contextual information. For example, the acoustic data presented here implied, but did not 

explicitly demonstrate, that humpback whale song transmission occurs in New Zealand waters. 

However, photographic mark-recapture, genetic analysis, and satellite tagging has previously 

confirmed that whales from two separate breeding populations occur in the New Zealand 

migratory corridor (Constantine et al., 2007; Franklin et al., 2014; Gibbs et al., 2017; Olavarría 

et al., 2007; Steel et al., 2017; Steel et al., 2014), revealing that song transmission between 

breeding populations is indeed a possibility. Moreover, by collaborating with researchers from 

East Australia and New Caledonia it was possible to add context to the humpback whale song 

recorded in New Zealand, enabling a wider overview of population connectivity and song 
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transmission in the western South Pacific than would have been possible if the New Zealand 

data had been considered in isolation. 

 

 

Figure 5.2. Maximum group size of blue whales sighted by Whale Watch Kaikōura per day. The pink box 

indicates the period during which no whale watch tours were conducted due to the infrastructure impacts of the 

7.8 magnitude earthquake on 14 November 2016. 

 

5.2. Passive acoustic monitoring as a tool to study baleen whales 

When studying free-ranging animals via a PAM methodology, acoustic detections from a single 

recorder, considered in isolation, generally only confirm the presence of a species. 

Furthermore, the absence of a sound is not necessarily indicative of the absence of the species, 

as individuals could be present, but not vocalising; for example, if they are in a behavioural 

state where they are not producing sound. Nonetheless, landscape-scale acoustic monitoring 

studies can provide movement information regarding wide-ranging and migratory species, 

including large ungulates, flocks of travelling birds, and whales, as demonstrated here 

(Blumstein et al., 2011; Enari et al., 2017; Farnsworth & Russell, 2007). While these species 

may be accessible to study with other methods at specific times, PAM collects high temporal 

resolution information that can cover large areas; data which otherwise may only be obtainable 

through invasive techniques such as satellite tagging or stable-isotope analysis (Double et al., 

2014; Garrigue et al., 2015; Wassenaar, 2018). Animal movements and area use are essential 

information that underpin management and conservation decisions. Wild animal species often 

have key areas within their ranges where certain behaviours occur, for example, breeding 
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displays (Storaunet, 2009), important feeding areas (for example, the STB), resting areas 

(Notarbartolo-di-Sciara et al., 2009) or locations of cultural exchange (Garland et al., 2011; 

Garland et al., 2017a). Conservation of locations where vital biological functions occur is of 

great importance to the survival of species, particularly those that are in danger of extinction. 

Consistent PAM over the spatial range of a species allows these locations to be identified, 

adding to data obtained via other methods such as visual or aerial monitoring, which are less 

consistent over time and space. 

Here, analyses focused on song calls, which are produced by some baleen whale species year-

round (Garland et al., 2013a; Leroy et al., 2016; Stimpert et al., 2012; Thomisch et al., 2016). 

A caveat of song is that it is almost exclusively produced by male whales (Donald et al., 2002; 

Oleson et al., 2007; Payne & McVay, 1971). In order to extrapolate song detections into 

population-wide inferences, it is necessary to understand the sex ratio of a population, as well 

as any differences in behaviour or distribution that occur between genders. To obtain these 

secondary data, other research approaches are required, such as photographic identification, 

genetic sampling or satellite tagging. The acquisition of photographic data can be relatively 

non-invasive, however genetic sampling and satellite tag application are both sub-dermal and 

therefore require high levels of interaction with animals. Within research methodologies, there 

is commonly a trade-off between invasive methods that provide high resolution data (e.g. 

satellite tags), with non-invasive methods that provide lower resolution data (e.g. PAM). The 

most appropriate research methodology to test a particular hypothesis must be determined by 

balancing the value of the data that can be obtained with ethical considerations. 

The spectral features of some baleen whale calls enable their propagation over large distances, 

however, this can generate difficulties when interpreting detections into meaningful findings, 

particularly when it is important to know the location of calling animals for management 

purposes. Here, the detection area of each acoustic recorder was modelled in order to provide 

context to received blue whale calls. Detection area modelling was deemed to be necessary for 

blue whale calls as their signals can propagate thousands of miles underwater (Stafford et al., 

1998) and there was a possibility that some of the received ABW calls could have been 

produced by whales that were actually in Antarctica. The modelled detection areas 

demonstrated that all detected blue whales were in or near New Zealand waters, enhancing the 

value of these results to inform national management. Scaling the call counts by detection area 

also truly emphasised the ecological importance of the STB for both PBWs and ABWs. 

Globally, detection range estimates add weight to studies that report passively detected calls 
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by providing spatial context that enables informed interpretations of the data and direct 

comparisons among recording environments that feature different acoustic properties (Darras 

et al., 2016; McCauley et al., 2001; Samaran et al., 2010; Širović et al., 2007). Detection areas 

of acoustic sensors also vary in terrestrial environments, and comparisons between recording 

sites requires understanding of the propagation environment (Darras et al., 2016). Sub-sea, 

detection areas are influenced by water depth, seabed geology, bathymetry and physical 

features of the water column. In air, geographical features can also affect the reception of 

sound, as well as other factors, such as tree density (Darras et al., 2016). Furthermore, in both 

marine and terrestrial environments, ambient sounds levels are a significant factor to determine 

whether acoustic signals are received in a state that can be detected and interpreted. 

 

5.3. Studying environments holistically via passive acoustic monitoring 

The marine environment of central New Zealand was expected to feature ambient sound 

originating from biophonic, anthrophonic and geophonic sources. The second objective of this 

thesis was to document ambient noise in the marine environment of central New Zealand and 

to examine how it varied temporally and spatially. The data reported here provided the first 

insight into the central New Zealand marine soundscape, detailing the spatio-temporal 

distributions of all sound contributors, not just baleen whales. Soundscape quantification was 

an important exercise to generate baseline values with which future studies can be compared, 

and to direct future research, which can now be effectively targeted. 

The environment around each acoustic instrument influenced the recorded marine 

soundscapes. The furthest west recordings were made in the STB, where the shallow water 

depths and sediment type (sand and mud) constrained sound propagation. The influence of the 

propagation environment in the STB was demonstrated by the relatively small detection areas 

modelled for blue whales that revealed the extremely high density of calls. Moreover, the PGS 

Taranaki South 3D seismic survey (which took place on the opposite side of the STB to the 

recording location) had little overall impact on the recorded data at STB. Conversely, the 

marine soundscapes recorded at Wairarapa and Kaikōura, along the east coast, illustrated the 

propagation abilities of deep water; calling blue whales could be detected in excess of 250 km 

away from the recorders (Chapter 3). When specific acoustic events occurred, such as seismic 

surveys or calling blue whales, their sound propagated well in deep water and resulted in raised 

ambient noise levels. However, the location of the east coast recorders at over 1000 m depth 

meant that in general, ambient sound levels were low outside of seismic survey and earthquake 
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periods. The coarse sediment-lined channel of Cook Strait concentrated acoustic contributions, 

and the AMAR deployed in the Strait recorded the loudest marine environment across a broad 

range of frequencies. The narrow aperture of the Strait meant that moving sound contributors, 

such as shipping and migrating whales, passed the recorder more closely than at other recording 

locations, resulting in sounds being received with a high signal to noise ratio. The Strait could 

therefore provide a suitable location to obtain additional high quality humpback whale song in 

the migratory corridor, which may provide further insights into population connectivity and 

song transmission within the western South Pacific. 

PAM enables concurrent sampling of all acoustic contributors in a soundscape, meaning that 

signals can be interpreted in the context of the ambient environment, allowing overviews that 

are truly integrated. In order to manage and mitigate location-specific threats to wildlife, it is 

necessary to understand where wildlife and risk factors co-occur. For example, the resonant, 

bottleneck environment of Cook Strait is a key location where whales could be struck by ships. 

As well as temporal and spatial overlap, spectral overlap can prove problematic for soniferous 

marine species. Anthropogenic sounds can constrain communication between vocal animals, 

and cause large-scale displacements, behavioural changes, stress and even physical injury 

(Nowacek et al., 2015; Tyack, 2008). Alone, these effects can severely impact marine wildlife, 

but in combination with additional stressors, including climate-induced range shifts, fishing 

gear entanglements and other human pressures, stressors can be cumulative with population-

level consequences (National Research Council, 2005; Pirotta et al., 2018). Worldwide, 

management regulations aim to maintain appropriate, healthy levels of underwater sound that 

enable marine organisms to undertake vital life-history behaviours with limited impact (Erbe, 

2013). PAM could provide a viable tool for managers to monitor a region to ascertain whether 

anthropogenic users are keeping to agreed limits, such as temporal restrictions on activities or 

sound-emission constraints. 

The marine soundscape of central New Zealand featured temporal variation in the prevalence 

and intensity of acoustic contributors. While many sounds were produced with a spectrum of 

sound levels over time, the most obvious temporal changes resulted from events that ‘started’ 

and ‘stopped’, such as seismic surveys. These events caused marked and temporally defined 

changes in the soundscape in specific frequency bands. Accordingly, acoustic data provide a 

foundation to examine the interplay that occurs between elements of an environment. During 

manual analyses conducted during this thesis, 16 kHz files were annotated with the presence 

or absence of vessel sound. These annotations proved to be extremely time-intensive and were 
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not conducted for all recorded data, but the 2016 data from the Kaikōura recording location 

were annotated, during which the magnitude 7.8 earthquake and associated aftershocks 

occurred. The annotations demonstrated that shipping traffic dramatically decreased 

subsequent to the large earthquake event (Figure 5.3), which was a result of port infrastructure 

damage caused by the earthquake (https://www.stuff.co.nz/business/95292005/maersk-to-

return-to-wellington-when-centreports-cranes-are-repaired). Furthermore, on 13 July, 11 

August and 8 September 2016, only a few files contained ship sound (Figure 5.3). On these 

days, stormy weather events restricted shipping activities, and this was reflected in the acoustic 

data (e.g., https://www.stuff.co.nz/national/84027405/homes-without-power-as-wintry-storm-

brings-gales-snow-and-heavy-rain). These connections reveal how acoustic data can provide 

insights into wider ecosystem events. 

 

 

Figure 5.3. Number of sub-sampled files per day (max 12) recorded at Kaikōura during the 2016 acoustic 

deployment that were subjectively determined to contain ship noise (left axis, grey bars), and the number of 

earthquakes that occurred in the study region per day (right axis, red bars). Three turquoise circles (13 July, 11 

August, 8 September 2016) indicate days when stormy weather constrained ship presence. 

 

Global events can also influence ambient sound. Following the terrorist attack in the USA on 

11 September 2001, ocean sound levels around the USA dropped dramatically as shipping 

traffic ceased (Rolland et al., 2012). ‘Turning off’ anthropogenic noise is the most insightful 

way to measure its effects; the cessation of shipping in 2001 enabled researchers to determine 

that ship noise causes stress in North Atlantic right whales (Rolland et al., 2012). In 2020, the 

https://www.stuff.co.nz/business/95292005/maersk-to-return-to-wellington-when-centreports-cranes-are-repaired
https://www.stuff.co.nz/business/95292005/maersk-to-return-to-wellington-when-centreports-cranes-are-repaired
https://www.stuff.co.nz/national/84027405/homes-without-power-as-wintry-storm-brings-gales-snow-and-heavy-rain
https://www.stuff.co.nz/national/84027405/homes-without-power-as-wintry-storm-brings-gales-snow-and-heavy-rain
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cessation of almost all global movement as a result of the coronavirus crisis provides a further 

opportunity to investigate the impacts of underwater sound, and changes have already been 

noted in marine acoustic data (https://thenarwhal.ca/an-important-time-to-listen-ocean-

scientists-race-to-hear-coronavirus-under-water/). Time periods when anthropogenic noise is 

reduced, or absent, provide critical data pertaining to baseline information regarding near-

pristine acoustic habitats. Worldwide, only marine soundscapes recorded in Antarctica and the 

Southern Ocean can be described as pristine, due to high levels of protection that restricts many 

anthropogenic sound sources, and the distance of these areas from major shipping lanes. In 

these regions, ambient sound levels are reflective of natural processes, and the spatio-temporal 

distributions of vocal species are readily sampled (Haver et al., 2017; Menze et al., 2017). 

Elsewhere, marine larval settlement is driven by ambient soundscape characteristics of reef 

areas (Radford et al., 2010), and reef recruitment and consequent ecosystem health are 

therefore reliant on soundscape attributes. However, the sound of shipping has been shown to 

influence the communication space of marine species in coastal reef areas by as much as 99% 

(Putland et al., 2018). As ambient acoustic environments change over time, it is imperative to 

obtain baseline and comparison measurements in order to monitor and manage ecosystems in 

an effective manner to conserve health and diversity in the future. 

Here, acoustic data were recorded for approximately one year over a network of sensors that 

spanned an area roughly 200 km2. From a global perspective, this study is relevant to only a 

small area, and a relatively short time. Nonetheless, the acoustic recordings provided intriguing 

evidence of spatial and inter-annual variation that could be indicative of large-scale 

implications. This study adds to a growing body of literature demonstrating that PAM is a 

useful tool for monitoring marine soundscapes as a means to collect long-term data that can be 

analysed over a range of scales. Such data helps to combat knowledge gaps to aid in informed 

management decisions, and acts as a foundation upon which future data can be compared. The 

results presented here are a snapshot of the marine soundscapes of central New Zealand, 

relevant to the temporal span of the deployments and the acoustic listening area available to 

each recorder. In this study, fine-scale spatial variation was demonstrated in the soundscape of 

this relatively small area, further promoting the need for more work to understand variability. 

PAM should be considered an important part of environmental analyses; bottom-mounted 

acoustic recorders provide a long-term, broad-range, holistic methodology to gather data that 

is pertinent to a wide array of ecological and environmental aspects, as well as specific 

information on individual contributors, such as vocal whale species. PAM can be a highly 

https://thenarwhal.ca/an-important-time-to-listen-ocean-scientists-race-to-hear-coronavirus-under-water/
https://thenarwhal.ca/an-important-time-to-listen-ocean-scientists-race-to-hear-coronavirus-under-water/
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effective monitoring option resulting in high quality data, although care must be taken to ensure 

recordings are collected appropriately using suitable equipment, knowledge and survey design. 

An autonomous PAM methodology allows large areas to be surveyed consistently over time. 

When these benefits are considered in conjunction with the fact that the reception of sound is 

less affected by inclement weather conditions and adverse sea states than boat-based data 

collection, the suitability of an acoustic monitoring method to learn more about marine 

environments is evident. 

 

5.4. Conclusions 

In the waters of New Zealand, there is a ‘data deficient’ understanding of baleen whale 

distributions due to logistical constraints on accessing offshore areas, and reduced whale 

population sizes as a result of industrial whaling. In order to improve understanding, 

autonomous acoustic recorders were deployed in the marine environment of central New 

Zealand to sense the stereotyped sounds that are reliably produced by baleen whales, from 

which spatio-temporal distributions could be inferred. PAM resulted in a rapid increase in 

information regarding the presence, distributions and movements of humpback whales and two 

sub-species of blue whale. PAM allowed baleen whale distributions to be studied within their 

contextual ambient environments, revealing that the areas and frequencies utilised by the 

whales overlapped with seismic surveying, shipping and earthquakes. Such overlaps in time, 

space and acoustic parameters provide vital information to identify where free-ranging species 

could face threats and stressors, and identification of interactions is the first step towards risk 

assessment and potential mitigation. 

Blue whale observations in New Zealand have commonly conflated the ABW and PBW sub-

species due to challenges in visual identification, so the acoustic detections provided novel 

information as they were sub-species specific and scaled for detection area. The distributions 

of ‘critically endangered’ ABWs were distinguished from the distributions of PBWs, revealing 

ecologically important areas for both sub-species. Detection of humpback whale song provided 

modern insight into the migratory timing of this species, and complementary data from winter 

breeding grounds provided context that revealed novel insights into their population 

connectivity and song transmission. The findings presented in this thesis provide baseline 

information about the ambient marine environment, as well as specific distributions of baleen 

whales; both of which are essential to underpin conservation and management decisions.
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APPENDIX 1. ACOUSTIC MOORING DESIGN 

 

 

Figure A0.1.  

Figure A1.1. Shallow-water mooring design deployed in the South Taranaki Bight and Cook Strait. The AMAR 

was mounted on a frame directly on the seabed. 
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Figure A0.2.  

Figure A1.2. Deep-water mooring design deployed at Wairarapa and Kaikōura. The AMAR was moored 

approximately 10 m above the seabed from an anchor. 
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APPENDIX 2. SUPPLEMENTARY MATERIAL FOR CHAPTER 4 

 

A2.1. Detection of humpback whale song in New Zealand data 

The PAMGuard (Gillespie et al., 2009) whistle and moan detector (Gillespie et al., 2013) was 

applied to all 16 kHz data from the four recording locations. The detector was applied to 

spectrograms with Fast Fourier Transform (FFT) length 1024, Hann window with 50% overlap, 

and detected frequency contours between 100 and 600 Hz with an 8 dB threshold, median filter 

(length 61), average subtraction of 0.02, with minimum connection length of 10 time slices and 

minimum total size of 20 pixels. The detector outputs were used to direct in-depth examination 

of the data: data from time periods with detections were thoroughly examined to determine the 

presence or absence of humpback whale (Megaptera novaeangliae) song. 

The PAMGuard whistle and moan detector made detections at all four recording locations 

(Figure A2.1). At the Kaikōura and Wairarapa recording locations, a large number of 

detections were made between November 2016 and the end of the recording period. These were 

primarily false positive detections arising from the Schlumberger Pegasus Basin 3D seismic 

survey (10 November 2016 to June 2017) (https://www.doc.govt.nz/our-work/seismic-

surveys-code-of-conduct/marine-mammal-impact-assessments/). Outside of the seismic 

survey, detections were low throughout the recording period at Wairarapa (Figure A2.1). The 

STB detections included false positive detections between 23 October and 2 December 2016 

as a result of the PGS Taranaki South 3D seismic survey (https://www.doc.govt.nz/our-

work/seismic-surveys-code-of-conduct/marine-mammal-impact-assessments/) (Figure A2.1). 

At this location, further detections during September and the beginning of October were false 

positive detections of the ‘bioduck’ call from Antarctic minke whales (Balaenoptera 

bonaerensis) (Risch et al., 2014) (Figure A2.1). Confirmed humpback whale song detections 

occurred during June, July and August (Figure A2.1). 

 

https://www.doc.govt.nz/our-work/seismic-surveys-code-of-conduct/marine-mammal-impact-assessments/
https://www.doc.govt.nz/our-work/seismic-surveys-code-of-conduct/marine-mammal-impact-assessments/
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Figure A0.1.  

Figure A2.1. Raw outputs of the PAMGuard whistle and moan detector for the four central New Zealand 

recording locations in 2016. Grey blocks indicate times when the acoustic recorders were not deployed. 

Detections overlaid with red boxes indicate periods of seismic survey activity that resulted in false detections. 

Detections overlaid with a blue box indicate Antarctic minke whale vocalisations that resulted in false 

detections. Detections of humpback whale song are overlaid in green, and a verified plot of these detections is 

provided in Figure 4.2. Small numbers of false song detections were made throughout the recording periods 

with no obvious cause (e.g., September at Wairarapa). 
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A2.2. Consistency of song unit classification 

Table A0.1. Table A2.1. All song units qualitatively described during transcription of the New Zealand, New Caledonia and 

East Australia songs. 

Unit short code Full unit name 

 

Unit short code Full unit name 

agr(pul) pulsive ascending groan gw(l) long growl 

agr(s) short ascending groan gw(low) low growl 

ahm ascending high moan gw(pul)(l) long pulsive growl 

ahs ascending high shriek gw(s) short growl 

ahs(l) long ascending high shriek hs high shriek 

am ascending moan hs(l) long high shriek 

am(l) long ascending moan hw high whistle 

am(pul) pulsive ascending moan m moan 

am(pul)(s) 
short pulsive ascending 

moan 
m(pul) pulsive moan 

am(s) short ascending moan m(pul)(l) long pulsive moan 

amm ascending modulated moan m(pul)(s) short pulsive moan 

amm(l) 
long ascending modulated 

moan 
m(s) short moan 

ba bark mm modulated moan 

ba-hm bark into high moan mm(l) long modulated moan 

ba-w bark into whoop mm(pul) pulsive modulated moan 

ba(pul) pulsive bark mm(s) short modulated moan 

chug(l) long chug-type sound modhs modulated high shriek 

dgr descending groan modhs(l) long modulated high shriek 

dgr(s) short descending groan mw modulated whistle 

dhs descending high shriek mw(l) long modulated whistle 

dm descending moan ngr N-shaped groan 

dm(l) long descending moan ngr(s) short N-shaped groan 

dm(s) short descending moan ngr(s)-dhm 
short N-shaped groan into 

descending high moan 

dmm descending modulated moan ngr(s)-w 
short N-shaped groan into 

whoop 

gr groan nm N-shaped moan 

gr-m(pul) groan into pulsive moan nm(pul) pulsive N-shaped moan 

gr-uws groan into U-shaped whistle nsw N-shaped whistle 

gr(l) long groan purr purr sound 

gr(s) short groan purr(l) long purr sound 
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gr(s)-dhm 
short groan into descending 

high moan 
sealion sealion barking sound 

gr(s)-dm 
short groan into descending 

moan 
sq squeak 

gr(s)-dw 
short groan into descending 

whistle 
um U-shaped moan 

gr(s)-mw 
short groan into modulated 

whistle 
uws U-shaped whistle 

gr(s)-uws 
short groan into U-shaped 

whistle 
w whoop 

gt(pul) pulsive grunt w-hs whoop into high shriek 

gw growl   

 

 

Table A0.2. Table A2.2. Random Forest variable description and importance measures 

Acoustic parameter Description 
Mean Decrease in Gini 

Index 

Duration (s) Vocalisation length 208.3 

Bandwidth (Hz) High – Low frequency 105.5 

High frequency (Hz) Maximum frequency 102.8 

Frequency trend (Hz) Start / End frequency 102.7 

End frequency (Hz) End frequency 97.2 

Number of inflections Number of reversals in slope 87.9 

Low frequency (Hz) Minimum frequency 85.1 

Start frequency (Hz) Start frequency 83.7 

Frequency range (Hz) High / Low frequency 81.4 

Peak frequency (Hz) Frequency of the spectral peak 71.2 

Pulse repetition rate (per second) For pulsive sounds 41.2 
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A2.3. Description of phrase types and themes 

Table A0.3. Table A2.3. The typical unit sequence (set median) for each phrase type per location and year. Within-set 

similarity reveals the similarity of unit sequences within a phrase type (between 0, no similarity, and 1, complete 

similarity). N=sample size. Location key: NZ = New Zealand, NC = New Caledonia, EA = East Australia. 

Theme 
Phrase 

type 
N 

Location/year 

present 
Set median unit sequence 

Within-set 

similarity 

1 1 

105 NZ 2016 modhs(l), modhs, gw, gw(l) 

0.39 21 NC 2016 modhs(l), modhs, gw, gw(l) 

22 EA 2015 hs(l), ahs, gw, gw(l) 

2 2 

57 NZ 2016 am(l), am, gw, gw(l) 

0.83 1 NC 2016 modhs, am, gw, gw(l) 

5 EA 2015 am(l), am, gw, gw(l) 

3 

3 

50 NZ 2016 dm, w, w, w, w, w, dm, w, w, w, w, w, w, dm 

0.55 

8 NC 2016 
dm, w, sq, w, sq, w, sq, w, w, dm, w, w, w, w, w, 

w, w, dm 

42 NC 2017 
m(pul), sq, w, sq, w, sq, w, m(pul), sq, w, sq, w, s

q, w, m(pul) 

18 EA 2015 
dm, w, sq, w, sq, w, sq, w, sq, dm, w, sq, w, sq, w, 

sq, w, sq, w, sq, dm 

71 EA 2016 
m(pul), sq, w, sq, w, sq, w, m(pul), sq, w, sq, w, s

q, w, sq, w, m(pul) 

37 EA 2017 
mm(pul), w, w, w, w, w, w, mm(pul), w, w, w, w, 

w, w, mm(pul) 

3b 

27 NC 2017 m(pul), ba, ba, ba, ba, m(pul), ba, ba, ba, ba 

0.54 
22 EA 2016 

m(pul), ba, ba, ba, ba, m(pul), ba, ba, ba, ba, m(pu

l) 

12 EA 2017 
mm(pul), ba, ba, ba, ba, ba, ba, mm(pul), ba, ba, b

a, ba, ba, ba, mm(pul) 

4 4 

45 NZ 2016 
dm, ngr(s), ngr(s), ngr(s), ngr(s), dm, ngr(s), ngr(s

), ngr(s), ngr(s), ngr(s), dm 

0.66 

9 NC 2016 
dm, ngr(s), ngr(s), ngr(s), ngr(s), dm, ngr(s), ngr(s

), ngr(s), ngr(s), dm 

1 NC 2017 
nm(pul), ngr(s), ngr(s), ngr(s), m(pul), ngr(s), ngr(

s), ngr(s), am(pul) 

11 EA 2015 
dm, ngr(s), ngr(s), ngr(s), dm, ngr(s), ngr(s), ngr(s

), ngr(s), dm 

5 5 

248 NZ 2016 dm, gr(s)-uws, ba, ba, gr(s)-uws, ba, ba, gr(s)-uws 

0.28 
122 NC 2015B 

gr(s), gr(s)-dw, ba(pul), ba(pul), gr(s)-dw, ba(pul), 

ba(pul), gr(s)-dw 
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246 NC 2016 
gr(s)-uws, ba, ba, ba, gr(s)-uws, ba, ba, ba, gr(s)-u

ws, m 

151 EA 2015 m, gr(s)-uws, ba, ba, gr(s)-uws, ba, ba, gr(s)-uws 

5b 
35 NZ 2016 gr, uws, uws, gr, uws, gw, gw(l) 

0.45 
3 NC 2016 gr(s)-uws, uws, gr(s)-uws, gw, gw(l) 

5c 169 NC 2015B m, ba-hm, ba, ba, ba-hm, ba, ba, ba-hm 0.41 

6 6 

16 NZ 2016 m, am(s), am(s), am(s), am(s), am(s), am(s) 

0.43 

120 NC 2015B m, am(s), am(s), am(s), am(s) 

81 NC 2016 m, am(s), am(s), am(s), am(s) 

55 EA 2015 m, am(s), am(s), am(s), am(s) 

1 EA 2017 am(pul)(s), am(s), am(s), am(s), am(s) 

7 7 

12 NZ 2016 dm, am(pul)(s), am(pul)(s), am(pul)(s), am(pul)(s) 

0.17 30 NC 2015B am, gw(s), gw(s), gw(s), gw(s) 

66 NC 2016 m, m(pul), m(pul) 

8 8 

13 NZ 2016 m, sealion, sealion 

0.38 
29 NC 2015B m, chug(l), chug(l) 

16 NC 2016 m, sealion, sealion 

58 EA 2015 m, chug(l), chug(l) 

9 9 

19 NC 2017 gr-m(pul), ba(pul), gr-m(pul), mm(l) 

0.39 
2 EA 2015 m(pul), nm, nm, am, nm 

7 EA 2016 gr-m(pul), ba(pul), gr-m(pul), mm(l) 

35 EA 2017 m(pul), ba(pul), m(pul), mm(l) 

10 10 

215 NC 2017 gr, nsw, nsw, gr, nsw, gr, gw(low) 

0.59 167 EA 2016 gr, nsw, nsw, gr, nsw, gr, gw(low) 

156 EA 2017 gr, mw, nsw, gr, mw, gr, gr(s), gw(low) 

11 11 

61 NC 2017 mm, mm, mm, purr, purr(l) 

0.51 29 EA 2016 mm, mm, am, purr, purr(l) 

19 EA 2017 dm, mm, um, purr(l) 

12 
12 108 NC 2015A dgr, m, ba, m, ba, ba, m 0.33 

12b 67 NC 2015A dgr, gw(s), w-hs, w-hs 0.71 

13 
13 74 NC 2015A dgr, m, m 0.80 

13b 63 NC 2015A dgr, mm, w, w, mm 0.89 

14 
14 70 NC 2015A ahm, ahm, gw 0.57 

14b 23 NC 2015A gw(l), w-hs, w-hs 0.55 

15 15 14 NC 2015A 
dgr, ngr(s)-dhm, ngr(s)-w, ngr(s)-dhm, ngr(s)-w, n

gr(s)-dhm 
0.37 

16 16 18 NC 2015B 
mw, ba, w, w, gr(s)-mw, w, w, w, gr(s)-mw, w, w, 

w, w, gr(s)-mw 
0.47 
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Figure A0.2.  

Figure A2.2. Bootstrapped (n=1000) dendrogram of average-linkage clustering of the median song strings per phrase type recorded at different locations and years, based on 

Levenshtein Similarity Index analysis. Red dots indicate AU values >95% where divisions were stable and likely to occur. Red boxes indicate the resulting clusters. The 

labels are structured as follows: LocationYear_PhraseType.
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A2.4. Humpback whale song sequences for each location and year 

Information regarding the themes present at each location/year. The ‘themes/phrase types 

present’ are the themes that were entered into Dice’s Similarity Index analysis. Set medians 

per location/year, and per sample were calculated to provide an overview of the typical theme 

sequences and presence. 

 

New Zealand, 2016 

Themes/phrase types present 

1, 2, 3, 4, 5, 5b, 6, 7, 8 

Song set median 

1, 2, 3, 4, 5, 5b 

Song set median, per sample 

NZ_STB_X: 1, 2, 3, 4, 5, 5b (n=7) 

NZ_STB_Y: 1, 2, 3, 4, 5, 5b (n=5) 

NZ_STB_Z: 1, 2, 3, 4, 5 (n=4) 

NZ_CS_X: 1, 2, 3, 4, 5, 5b (n=4) 

NZ_CS_Y: 1, 2, 3, 4, 5, 5b (n=3) 

NZ_CS_Z: 5, 6, 7, 8 (n=7) 

 

New Caledonia, song A, 2015 

Themes/phrase types present 

12, 12b, 13, 13b, 14, 14b, 15 

Song set median 

12, 13b 

Song set median, per sample 

NC_15a_X: 13, 12, 14, 15 (n=7) 

NC_15a_Y: 12, 13b (n=8) 

NC_15a_Z: 12, 13b, 12b, 14b (n=5) 
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New Caledonia, song B, 2015 

Themes/phrase types present 

5, 5c, 6, 7, 8, 16 

Song set median 

5c, 6, 8 

Song set median, per sample 

NC_15b_X: 5, 16 (n=7) 

NC_15b_Y: 5c, 6 (n=8) 

NC_15b_Z: 5c, 6, 7, 8 (n=9) 

 

New Caledonia, 2016 

Themes/phrase types present 

1, 2, 3, 4, 5, 5b, 6, 7, 8 

Song set median 

5, 6, 7 

Song set median, per sample 

NC_16_X: 5, 6, 7 (n=8) 

NC_16_Y: 5, 6, 7 (n=9) 

NC_16_Z: 5, 6, 7 (n=7) 

 

New Caledonia, 2017 

Themes/phrase types present 

3, 3b, 4, 9, 10, 11 

Song set median 

3, 3b, 10, 11 

Song set median, per sample 

NC_17_X: 3, 3b, 10, 11 (n=4) 

NC_17_Y: 3, 3b, 9, 10, 11 (n=5) 

NC_17_Z: 3, 3b, 10, 11 (n=8) 
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East Australia, 2015 

Themes/phrase types present 

1, 2, 3, 4, 5, 6, 8, 9 

Song set median 

5, 6, 8 

Song set median, per sample 

EA_15_X (northbound): 5, 6, 8 (n=1) 

EA_15_Y (northbound): 5, 6, 8 (n=5) 

EA_15_Z (southbound): 1, 2, 3, 4, 5 (n=5) 

 

East Australia, 2016 

Themes/phrase types present 

3, 3b, 9, 10, 11 

Song set median 

3, 3b, 9, 10, 11 

Song set median, per sample 

EA_16_X: 3, 3b, 9, 10, 11 (n=3) 

EA_16_Y: 3, 3b, 9, 10, 11 (n=2) 

EA_16_Z: 3, 3b, 9, 10, 11 (n=3) 

 

East Australia, 2017 

Themes/phrase types present 

3, 3b, 6, 9, 10, 11 

Song set median 

3, 3b, 9, 10, 11 

Song set median, per sample 

EA_17_X: 3, 3b, 9, 10, 11 (n=5) 

EA_17_Y: 3, 3b, 9, 10, 11 (n=4) 

EA_17_Z: 3, 3b, 9, 10, 11 (n=5) 

 

 



APPENDICES 

103 

 

Spectrograms of the median song strings for each song type recorded per location and year (FFT length 4096, Hann window, 75% overlap, 

displaying 4 kHz and 140 s, generated in Raven Pro 1.5). 
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A2.5. LSI song matching using the theme similarity matrix 

 

 

Figure A0.3.  

Figure A2.3. Bootstrapped (n=1000) dendrogram of average-linkage clustering of the theme similarity matrix 

of song strings recorded at different locations and years, based on Levenshtein Distance Similarity Index 

analysis. Red dots indicate AU values >95% where divisions were stable and likely to occur. Red boxes indicate 

the resulting clusters. The labels are structured as follows: Location_Year_Sub-Location (if 

applicable)_SongIdentifier. Sub-locations are included for New Zealand 2016: STB = South Taranaki Bight; CS 

= Cook Strait.  
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