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Summary 

Effective management of the potential environmental impacts of naval sonar requires 

quantitative data on the behaviour and hearing physiology of cetaceans. Here, novel 

experimental and analytical methods were used to obtain such information and to test 

the effectiveness of an operational mitigation method for naval sonar. A Bayesian 

method was developed to estimate whale locations through time, integrating visual 

observations with measurements from on-animal inertial, acoustic, depth, and Fastloc-

GPS sensors. The track reconstruction method was applied to 13 humpback whale 

(Megaptera novaeangliae) data sets collected during a multi-disciplinary behavioural 

response study in Norwegian waters. Thirty-one controlled exposure experiments with 

and without active transmissions of 1.3-2 kHz sounds were conducted using a moving 

vessel that towed a sonar source. Dose-response functions, representing the 

relationships between measured sonar dose and behavioural responses identified from 

the reconstructed tracks, predicted that 50% of the humpbacks would initiate avoidance 

at a relatively high received sound pressure level of 166 dB re 1 Pa. Very similar dose-

response functions were obtained for cessation of feeding. In a laboratory study, 

behavioural reaction times of a harbour porpoise (Phocoena phocoena) to sonar-like 

sounds were measured using operant conditioning and a psychoacoustic method. 

Auditory weighting functions, which can be used to improve dose-response functions, 

were obtained for the porpoise based on the assumption that sounds of equal loudness 

elicit equal reaction time. Additional analyses of the humpback whale data set provided 

evidence that ramp-up of naval sonar mitigates harmful sound levels in responsive 

cetaceans located directly in the path of the source, and suggested that a subset of the 

humpback whale population, such as mother-calf pairs, and more responsive species 

would benefit from the use of sonar ramp-up. The findings in this thesis are intended to 

inform sound exposure criteria and mitigation guidelines for anthropogenic noise 

exposure to cetaceans. 
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  Chapter 1

General introduction 

 

EFFECTS OF NAVAL SONAR ON CETACEANS 

Management of the environmental impacts of anthropogenic activities is an important 

conservation issue, as the footprint of human influence continues to expand (Beale, 

2007; Shannon et al., 2015). Humans have a global impact on geology and ecology in 

the current epoch, and our activities may threaten the existence of individuals and 

populations of animals and their ecosystems (Corlett, 2015). Among the principal 

stressors that can influence marine mammals are climate change, ship strikes, chemical 

and noise pollution, whaling, and entanglement/entrapment in fishing gear (Thomas et 

al., 2016). The importance of sound to marine mammals and fishes has led to increased 

scientific attention for the effects of anthropogenic noise on these animals (Popper and 

Hawkins, 2016). 

 

Marine mammals generally have acute underwater hearing over a wide frequency range 

(Mooney et al., 2012; Richardson et al., 1995). They are likely to be vulnerable to noise 

exposure as they use sound for sexual advertisement (Payne and McVay, 1971), 

communication (Clausen et al., 2010; Tyack, 1981), feeding (Cerchio and Dahlheim, 

2001), orientation (Verfuss et al., 2005) and predator avoidance (Curé et al., 2015). 

Sources of underwater sound that can have deleterious effects on marine mammals 

include active sonar during naval exercises (Claridge, 2013; Tyack et al., 2011), 

propeller noise from vessel traffic (Clark et al., 2009; Rolland et al., 2012), underwater 

explosions during ship-shock trials, offshore construction and ammunition clearance 

(Hildebrand, 2009; Ketten et al., 1993; von Benda-Beckmann et al., 2015), pile driving 

during the construction of offshore wind farms (Brandt et al., 2011; Tougaard et al., 

2009) and seismic airguns during surveys for oil and gas exploration (Castellote et al., 

2012; McCauley et al., 2000). These sound sources differ in their acoustic 

characteristics as well as in their spatial and temporal distributions, and may act 
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independently, cumulatively, or synergistically to negatively influence hearing, 

behaviour or health of individuals and populations (National Research Council, 2005).  

 

The speed of sound in seawater is about five times that in air, and the absorption of 

sound energy per unit distance in air is much greater (Kinsler et al., 2000). In contrast, 

the propagation of electro-magnetic waves (e.g. light) in seawater is far less efficient. 

As a result, naval fleets use sound waves to detect, locate, and classify submarines, 

navigate torpedoes and find objects such as mines and other ordnance (Richardson et 

al., 1995). This suite of techniques is collectively known as sonar (sound navigation and 

ranging). Passive sonar systems only ‘listen’ and do not generate sound. Active sonar 

systems transmit sound pulses under water and time their return echoes to generate 

‘snapshots’ of the environment. Most of these naval active sonars produce high source 

level pulses, and the high-intensity systems that are used for long- and medium-range 

detection operate at frequencies below 10 kHz where sound absorption is limited 

(Ainslie, 2010; Hildebrand, 2009). Therefore, such low- and mid-frequency active 

sonars may ensonify large volumes of water with sound pressure levels sufficient to be 

heard by, and possibly disturb, marine life. 

 

National and international legislation reflect the importance of national security and the 

need for navies to use active sonar. Sonar operators must train under a range of realistic 

environmental and geographical conditions, which includes training in areas with 

complex bathymetries. Naval exercises therefore take place in both deep-ocean and 

coastal waters, and may occur within the natural habitat of many marine mammal 

species. Concerns about the impacts of active sonar on marine mammals has led to a 

series of legal disputes instigated by conservation non-governmental organisations 

which focussed on the US Navy’s mitigation measures and environmental impact 

assessments (McCarty, 2010; Reynolds et al., 2009). These legal cases emphasised the 

importance of balancing the need for effective sonar training against the risk of harm 

that active sonar may impose on marine mammals (Zirbel et al., 2011). In a recent 

settlement in 2015, the US Navy agreed to exclude sonar testing and use of explosives 

from several biologically important areas in waters off the coast of California and 

Hawaii.   
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There was little scientific evidence on the potential impacts of naval active sonar on 

marine mammals before the late 1990s (Richardson et al., 1995; Simmonds and Lopez-

Jurado, 1991). Concerns increased after reports of unusual cetacean mass strandings that 

coincided in time and space with multi-ship sonar exercises (Balcomb and Claridge, 

2001; D’Amico et al., 2009; Fernández et al., 2005; Frantzis, 1998). These mass 

strandings involved predominantly Cuvier’s beaked whales (Ziphius cavirostris) and 

Blainville’s beaked whales (Mesoplodon densirostris), but the strandings of other 

cetaceans have also been linked to naval activity (e.g. Balcomb and Claridge, 2001; 

Hohn et al., 2006; Southall et al., 2006; Yang et al., 2008). The exact chain of events 

leading to such strandings remains uncertain to date; however, the most plausible 

mechanisms involve acoustically induced behavioural or physiological responses that 

lead to stranding directly, or via tissue damage caused by bubble formation (Cox et al., 

2006; Hooker et al., 2012). In the Canary Islands, one of the hotspots for beaked whale 

strandings, no mass standings have occurred since the Spanish government imposed a 

ban on naval exercises in these waters in 2004 (Férnandez et al., 2013). The use of naval 

sonar may also have lethal consequences for beaked whales at sea (Fernández et al., 

2012) or increase the rates of bycaught harbour porpoises (Phocoena phocoena) found 

stranded (Wright et al., 2013). 

 

There is also anecdotal and experimental evidence that naval sonar can impact 

behaviour and physiology of cetaceans in a harmful way, without leading to strandings. 

For example, disruption of normal behaviour of killer whales was observed by whale-

watchers and researchers during naval sonar transmissions in Haro Strait, US (NMFS 

2005). There were complaints from whale-watchers and fishermen that a multi-ship 

naval exercise in Vestfjord, Norway caused reduced numbers of killer whales and 

herring (WWF-Norway 2001). Whilst impacts on herring were later shown to be 

unlikely (Doksæter et al., 2009; Doksæter et al., 2012; Sivle et al., 2015a), a 

retrospective analysis of a comparable naval exercise in 2006 suggested that killer 

whales were displaced from the area in response to a combination of reduced prey 

availability and sonar use (Kuningas et al., 2013).  

 



 1-4 

Reductions of vocalisations and avoidance by minke whales (Balaenoptera 

acutorostrata) during experimental (Kvadsheim et al., 2015) and actual (Martin et al., 

2015) naval sonar exposures were consistent with earlier opportunistic observations of 

displacement and avoidance behaviour in minke whales during actual sonar exercises 

(Dolman et al., 2011; Parsons et al., 2000). Vocal responses of humpback whales, 

Megaptera novaeangliae (Fristrup et al., 2003; Miller et al., 2000; Risch et al., 2012) 

and blue whales, Balaenoptera musculus (Melcón et al., 2012) to sonar sounds indicated 

that such behavioural changes may occur over substantial areas. A recent passive 

acoustic monitoring (PAM) study conducted during a naval exercise in Danish waters 

suggested relatively large-scale (~20 km) displacement of harbour porpoises from the 

area (Tougaard et al., 2015a). The long-term implications of these behavioural changes 

of marine mammals are currently not well understood; they likely depend on species-

specific characteristics of responsiveness, how often and for how long animals are 

exposed, pressures from other sources of disturbance, and species-specific mechanisms 

for coping with disturbance. 

 

The lack of understanding about the mechanisms linking sonar to whale strandings and 

long-term effects of sonar on marine mammals motivated the US Navy and several 

other navies to fund research on the relationship between sonar exposure and 

behavioural responses. This ongoing research effort includes experimental studies on 

laboratory animals, experimental studies on free-ranging animals tagged with multi-

sensor digital recording tags (DTAGs; Johnson and Tyack, 2003; Johnson et al., 2009), 

and (non-experimental) observational studies using long-term satellite tags, visual focal 

follows or PAM. The primary goals of these studies, collectively known as behavioural 

response studies (BRSs), is to describe the behavioural responses themselves, to 

quantify relationships with their potential drivers such as dose and contextual variables, 

and to study their biological relevance (Harris and Thomas, 2015).  

 

The experimental BRSs predominantly used controlled exposure experiment (CEE) 

methodology (Tyack et al., 2003), in which controlled doses of the sonar stimulus are 

applied to test whether or not they induce behavioural (or physiological) responses, 

which are then contrasted to responses during exposures to control stimuli. CEEs are 
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aimed at studying fine-scale responses and have provided a wealth of information on 

various aspects of behavioural responses to naval sonar. Studies on beaked whales have 

reported strong behavioural responses that were initiated at low received sound levels, 

with responses consisting of a cessation of foraging, increased swim speed, avoidance 

and unusual diving patterns (Blainville’s beaked whale; Tyack et al., 2011; Cuvier’s 

beaked whale; DeRuiter et al., 2013; Baird’s beaked whale, Berardius bairdii; Stimpert 

et al., 2014; northern bottlenose whale, Hyperoodon ampullatus; Miller et al., 2015). 

Despite minor differences in responsiveness across the species, the behavioural 

responses observed during experimental exposures were in general agreement with 

patterns of larger scale displacement and changes in echolocation behaviour observed 

using PAM and satellite tags during real sonar exercises (McCarthy et al., 2011; Moretti 

et al., 2014; Tyack et al., 2011). 

 

Understanding the effects on Ziphiidae will no doubt remain a high research priority 

given the difficulties in studying these animals and their apparent sensitivity to sonar, 

although effects on other taxonomic families should not be overlooked. Experimental 

field studies with other cetacean species have provided evidence that naval sonar can 

induce behavioural responses of different types, durations, and severities in these 

species (e.g. Miller et al., 2012; Sivle et al., 2015b). Responses that have been 

quantified include changes in vocal behaviour (Alves et al., 2014; DeRuiter et al., 

2012), changes in activity and energy budgets (Isojunno et al., 2016), changes in social 

behaviour (Visser et al., 2016), synchronised surfacings with arrivals of sonar pulses 

(Wensveen et al., 2015a) and behavioural state-specific feeding and displacement 

responses (Goldbogen et al., 2013b). These field CEEs have also resulted in dose-

response functions that reflected species differences and large within- and between 

animal variation in onset thresholds and response severities (Antunes et al., 2014; Harris 

et al., 2015b; Miller et al., 2014). Large variation in responsiveness to naval sonar was 

also observed in small odontocetes on a navy range using opportunistic focal follows 

(Henderson et al., 2014).  

 

Dose-response functions have also been created from observational (Moretti et al., 

2014) and captive research efforts. The captive studies have particularly highlighted the 



 1-6 

importance of age, learning/exposure history, species temperament, background noise 

levels and spectral properties of the signal on animal responsiveness (Houser et al., 

2013a; Houser et al., 2013b; Kastelein et al., 2011a; Kastelein et al., 2012). The degree 

to which behavioural responses in marine mammals match between the captive and 

free-ranging contexts is uncertain for most species. Observational studies are conducted 

in the most relevant context, i.e. the actual context in which the risk of harm may occur, 

but they have no control over the sound stimuli or study animals and generally use 

lower resolution observational methods that are more likely to miss important changes 

in behaviour. Captive and observational studies represent opposite trade-offs between 

realism and control; experimental studies with free-ranging animals can be seen as the 

intermediate between these two types of study. Which of these three approaches will be 

the most appropriate in a given situation depends on the research question. They are 

likely to complement each other, as the strength of one approach often corrects for the 

weakness of the other (Tyack et al., 2003). 

 

The fates of populations rather than individuals are eventually the most important for 

achieving sustainable conservation outcomes (Hatch and Fristrup, 2009). Behavioural 

and sublethal physiological disturbance from sonar exposure may affect an individual’s 

health, survival, or ability to reproduce, so these effects may affect population growth 

rates and ecosystem dynamics (National Research Council, 2005). As such, sonar 

exposure may become biologically significant if it induces changes in energy intake or 

expenditure (Pirotta et al., 2015), social disruption, or avoidance of an area that is 

important for life functions such as feeding, breeding, or resting (New et al., 2013a). 

Although direct and immediate effects of naval sonar (e.g. hearing loss, the separation 

of a dependent calf from its mother) may impact individual health, there is currently 

little knowledge about the temporal and spatial extent over which noise disturbance 

needs to occur to result in significant population consequences. Long-term behavioural 

effects are difficult to observe in free-ranging marine mammals, and these responses 

could be modified by learning (Bejder et al., 2006, 2009), acoustic masking (e.g. Clark 

et al., 2009), hearing loss (Finneran, 2015) and stress responses (Atkinson et al., 2015).  
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A model framework has been developed for predicting population-level effects in 

marine mammals from short-term behavioural or physiological responses, known as the 

Population Consequences of Disturbance (PCoD) framework (New et al., 2013b), after 

an earlier conceptual version was presented (Lusseau and Bejder, 2007; National 

Research Council, 2005). This modelling approach has been successfully applied in a 

number of specific case studies for which enough empirical data were available to 

parameterise the model (New et al., 2013b; New et al., 2014; Pirotta et al., 2015; Schick 

et al., 2013) and has also been applied using information obtained from expert-

elicitation (King et al., 2015). Sonar BRSs generally measure relatively short-term 

behavioural responses, of which some are expected to have biologically significant 

effects if exposures would continue for longer than actually realised during the 

experiments. However, the detailed information on behavioural responses (e.g. changes 

in energy balance) collected by these experimental studies might be used in the future to 

partly parameterise PCoD-type models, in order to predict risks of population-level 

effects. 

 

MANAGEMENT OF ENVIRONMENTAL RISK OF SONAR 

In many countries, legislation aimed at protecting marine life requires the assessment of 

human activities that may produce harmful levels of underwater noise (Roman et al., 

2013; Tasker et al., 2010). It is also often required to prepare environmental impact 

assessments or statements for proposed activities that generate noise. If the assessment 

finds that the activity poses a significant environmental risk, use of risk mitigation 

methods and/or restrictions on operations may be required. In contrast to other noise 

producers, however, navies typically self-regulate their potential environmental impacts 

and set their own mitigation protocols (Dolman et al., 2009; Dolman et al., 2011). 

 

Both qualitative and quantitative methods for assessing the environmental risks of 

anthropogenic noise generally follow the conceptual framework developed by the US 

Environmental Protection Agency (EPA, 1992) for impacts such as chemical pollution 

(for details on applying this framework to underwater noise, see Boyd et al., 2008; 

Harwood, 2000). In the context of marine mammals, such quantitative methods 

generally use individual-based modelling techniques to construct the exposure histories 
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of simulated animals that move through virtual sound fields and then evaluate how often 

received levels reach certain risk thresholds (Frankel et al., 2002). A number of navies 

currently use this approach in the planning stage of naval activities to avoid important 

marine mammal habitats and thereby minimise risks (e.g. Donovan et al., 2012; 

Nordlund and Kvadsheim, 2014). Environmental Impact Statements of the US Navy 

have also used comparable methods to estimate the number of animals that are affected 

behaviourally or physiologically by naval sonar and other sounds (Schecklman et al., 

2011; Wartzok et al., 2012) for compliance with US environmental legislation. The risk 

thresholds that are used in these various assessments greatly affect the estimated impact 

of the noise. 

 

Sound exposure guidelines for detrimental effects such as hearing injury (i.e. permanent 

hearing threshold shift; PTS), temporary threshold shift (TTS) and behavioural 

disturbance have been proposed for marine mammals (Southall et al., 2007) as well as 

fishes and sea turtles (Popper et al., 2014). These guidelines have considered groups of 

sound sources based on their acoustic properties and groups of species based on their 

expected hearing abilities. The risk thresholds in these guidelines are preferably 

expressed as numeric values that represent the received sound levels at which impacts 

are expected to occur; however, scientific knowledge has not always been sufficient for 

the determination of such acoustic thresholds. For example, Southall et al. (2007) and 

the most recent draft guidelines for acoustic exposure by the US National 

Oceanographic and Atmospheric Administration (NOAA, 2015) were unable to 

establish noise criteria for behavioural disturbance because of the lack of scientific 

consensus. Acoustic thresholds can either be represented by a step function (i.e. instant 

change of risk from 0 to 100 % at one sound level) or a probabilistic dose-response 

function (i.e. the risk gradually increases with sound level). Because behavioural effects 

are expected to occur over a relatively wide range of received sound levels, the US 

Navy and other navies have used dose-response functions for predicting behavioural 

effects in marine mammals. These functions are currently being updated based on recent 

experimental information collected by BRSs (Henderson, 2015).  

 

The acoustic risk thresholds in sound exposure criteria are generally expressed as sound 

levels that are ‘frequency-weighted’ according to the perception of the animals. 
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Frequency weighting greatly simplifies noise criteria because it results in single 

thresholds that apply to many sounds irrespective of their frequency spectra. Weighting 

functions represent the average frequency response of a species’ auditory system; they 

attempt to emulate how sounds are perceived by the animal. Therefore, weighting 

functions are useful for the extrapolation of observed risk thresholds (e.g. for the onset 

of TTS or avoidance responses) to frequencies outside of the range for which the 

responses were measured.  

 

Different types of weighting functions are currently available for marine mammals: 1) 

weighting functions based upon the audiogram (e.g., Miller et al., 2014; Verboom and 

Kastelein, 2005), 2) weighting functions that are flat within the effective frequency 

range of hearing, known as M-weighting (Southall et al., 2007), 3) weighting functions 

derived from equal loudness and equal latency contours (Finneran and Schlundt, 2011; 

Finneran and Schlundt, 2013; Kastelein et al., 2011b), and 4) weighting functions that 

are based upon a combination of these types of information (NOAA, 2015). There are 

significant differences in shape between these functions, so they may lead to very 

different estimates of risk of harm (e.g. de Jong and Ainslie, 2008). 

 

Weighting functions used in the assessment of effects of noise on humans are based on 

equal loudness contours (e.g. A- and C-weighting functions, Kinsler et al., 2000), and 

therefore functions describing loudness perception in marine mammals may also be 

effective for estimating effects of sounds of mid- to high-intensity in marine mammals. 

However, perceived loudness is a subjective descriptor of sound level, which makes it 

difficult to quantify in animals. Finneran and Schlundt (2011) measured the equal 

loudness contours of a single bottlenose dolphin (Tursiops truncatus) following a 

loudness comparison method (Suzuki and Takeshima, 2004). It was very difficult to 

convey the complex task to the dolphin, and more than 15,000 individual trials had to be 

completed. However, equal latency contours, which describe the frequency-dependent 

relationships between received sound level and reaction time to a sound stimulus, are 

roughly similar to equal loudness contours in humans (Marshall and Brandt, 1980; 

Pfingst et al., 1975a; Pfingst et al., 1975b). Such contours may therefore be useful as a 

proxy because reaction time is much easier to measure for animals than loudness. Equal 
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latency contours have been obtained for the macaque (Stebbins, 1966), squirrel monkey 

(Green, 1975), house finch (Dooling et al., 1978) and domestic cat (May et al., 2009); 

preliminary data exist for a few marine mammal species (Kastelein et al., 2011b; 

Mulsow and Finneran, 2013; Reichmuth, 2013; Ridgway and Carder, 2000). Frequency 

weighting based on equal latency contours may therefore provide a good alternative 

when equal loudness data are not available.  

 

Best-practise guidelines for human activities that generate noise in the marine 

environment currently recommend the use of mitigation methods designed to minimise 

risk of harm to marine mammals (e.g. Compton et al., 2008). Mitigation methods for 

naval sonar can be broadly categorised as 1) time/area planning of exercises to avoid 

important marine mammal habitat, 2) implementation of operational procedures such as 

shut-down based upon PAM and visual monitoring of animals for the purpose of 

maintaining an ‘exclusion zone’ around the source (Dolman et al., 2009; Dolman et al., 

2011). One of the most common operational mitigation procedures is the gradual 

increase of source intensity prior to normal (full-power) operation, a procedure known 

as ‘ramp-up’ or ‘soft-start’. Ramp-up is used by several navies during sonar exercises 

(Dolman et al., 2009) and is also common for other activities that involve high-intensity 

sound sources such as seismic surveys (Gordon et al., 2003; Nowacek et al., 2013), 

acoustic thermometry (Frankel and Clark, 2000a), and pile driving and detonation of 

explosions (Brandt et al., 2011; dos Santos et al., 2010; Jefferson et al., 2009).  

 

The assumption behind the ramp-up mitigation procedure is that animals will move 

away from the path of an approaching sound source or the location of a stationary 

source as the source level gradually increases, thus reducing the maximum sound 

intensity and energy they receive. Ramp-up of naval sonar is intended to mitigate 

against auditory (Mooney et al., 2009) and other types of physiological damage in 

marine mammals that are relative close to the source, but might also protect against 

severe forms of behavioural disturbance (e.g. panic) in animals near a source that starts 

at full power. This mitigation method is generally thought to be a ‘common sense’ 

procedure (Stone and Tasker 2006, Weir and Dolman 2007); however, there is currently 

little scientific evidence whether ramp-up actually works as intended or not. In theory, 

ramp-up might do more harm than good by attracting animals to the source when levels 
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are low, or by increasing the length of time the animals are exposed (Barlow and 

Gisiner, 2006). Some argue that ramp-up affects the fidelity of naval combat training. It 

is therefore important to experimentally evaluate the effectiveness of ramp-up as a 

method to mitigate risk to marine mammals during sonar operations. 

 

There are some reports of cetaceans initiating avoidance responses during ramp-up, 

although these reports do not quantify the effect of the avoidance response on the risk of 

harm. Avoidance sometimes occurred during the ramp-up period of controlled 

experiments with an approaching source vessel in which free-ranging killer whales, 

Orcinus orca, long-finned pilot whales, Globicephala melas, and sperm whales, 

Physeter microcephalus were exposed to 1-2 and 6-7 kHz naval sonar (Miller et al., 

2012). Weir (2008a) observed a pod of Atlantic spotted dolphins approaching with the 

apparent intent to bow-ride during a seismic survey in Gabon. Early in the ramp-up the 

animals suddenly veered away from the vessel while at ~500 m from the source. During 

seismic ramp-up in Angola, Weir (2008b) observed a group of short-finned pilot whales 

making a sharp turn away from the path of the vessel, but the avoidance was more 

limited in time and space. A non-peer-reviewed correlational study based on 

observational data collected over 7 years also provided evidence that seismic ramp-up 

indeed triggers avoidance behaviour in cetaceans (Stone, 2015). Von Benda-Beckmann 

and colleagues (2014) conducted a simulation study and found that ramp-up of naval 

sonar can be effective at reducing the number of animals experiencing sound energy 

that is high enough to cause temporary or permanent hearing loss. Important factors 

were the assumed dose-response relationship and swimming speed of the animals, as 

well as the ramp-up duration, sailing speed and time interval between the sonar pulses 

(von Benda-Beckmann et al., 2014, 2016). Even though the simulation study used 

relevant empirical input in its model, experimental confirmation of these predictions has 

still been missing. 

 

THESIS OUTLINE 

In this thesis, I studied the potential effects of naval sonar on cetaceans by means of 

novel experimental and computational methods, in order to inform criteria for allowable 

levels of naval sonar. In Chapters 2, 3 and 5, I used multi-variate data sets for North-
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Atlantic humpback whales which were collected as part of the 3S
2
 BRS project in high-

latitude waters [Figure 1.1; Kvadsheim et al. (2015); Lam et al. (2016)]. In Chapter 4, 

the remaining data chapter, I conducted a psychoacoustic study with a trained harbour 

porpoise at the SEAMARCO Research Institute (Kastelein et al., 2009). The main 

findings of this thesis are integrated in Chapter 6, where also the broader management 

implications of the work are discussed. A short description of the goals and methods of 

each data chapter is given below; results and conclusions are summarised at the start of 

each of these chapters. This thesis addressed several of the recommendations made in a 

recent review (Shannon et al., 2015); that is, to measure responses over a gradient of 

noise levels, to evaluate mitigation measures, and to improve reporting of acoustic 

metrics. 

 

Chapter 2.  A method for reconstructing fine-scale tracks from dead-reckoning and 

position fixes applied to humpback whales 

The goal of chapter 2 was to improve the accuracy of movement tracks of humpback 

whales tagged with multi-sensor data loggers. To achieve this, a novel state-space 

method was developed that integrates information on horizontal positions (Fastloc-

GPS), body orientation and flow noise (DTAG), and range and bearing estimates made 

by visual observers during focal follows. Models were fitted in the Bayesian statistical 

framework to account for differences in the distributions of the data, time resolutions 

and periods without observations. The method was applied to all humpback whales in 

the data set, and within- and between-animal variability in the movement tracks was 

described. 

 

Aims and objectives 

 To develop a state-space model framework for reconstructing whale tracks from 

dead-reckoning, Fastloc-GPS, and visual observations. 

 To quantify the spatial accuracy of the Fastloc-GPS and visual (range and 

bearing) observations in dedicated tests. 

 To reconstruct the movement tracks of all humpback whales in the 3S
2
 data set. 
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Chapter 3.  Dose-response functions for avoidance onset and feeding cessation by 

humpback whales in response to naval sonar 

In this chapter, several dose-response relationships were generated to relate different 

aspects of naval sonar exposure (i.e. amplitude, energy, distance) to the probability of 

onset of two behavioural response types; horizontal avoidance and cessation of feeding. 

The data analysed in this chapter were collected during experimental vessel approaches 

on tagged humpback whales, which were conducted either with or without active 

transmissions of 1.3-2 kHz naval sonar. The source positions, whale positions (i.e. the 

tracks created in Chapter 2) and received sound levels during these experiments were 

evaluated to determine the response onset thresholds of the humpback whales. 

Additionally, the outcomes were compared to other marine mammal dose-response 

functions published to date and differences with the recently proposed method of Harris 

et al. (2015) were investigated. 

 

Aims and objectives 

 To measure the response onset thresholds of the humpback whales. 

 To construct dose-response functions for avoidance onset and feeding cessation. 

 To formally investigate the potential effects of behavioural state and exposure 

history on humpback whale responsiveness. 

 To informally assess the potential effects of species, methodological differences, 

and other factors on behavioural responsiveness. 

 

Chapter 4.  Auditory weighting functions based on behavioural reaction times of a 

harbour porpoise 

In chapter 4, the behavioural reaction times of a harbour porpoise to tonal sounds were 

measured in a laboratory study using operant conditioning and a psychoacoustic 

method. Contours of equal reaction time across signal frequency and received sound 

pressure level were converted into auditory weighting functions that can be used as a 

proxy for the frequency response of the animal’s auditory system. The weighting 

functions may therefore be used to more accurately predict loudness perception in 

harbour porpoises. For validation, the derived weighting functions were compared to 

published onset thresholds for behavioural and hearing effects in harbour porpoises. 



 1-14 

 

Aims and objectives 

 To measure the reaction times of a harbour porpoise to sound signals with a 

wide range of frequencies and amplitudes. 

 To construct auditory weighting functions from equal latency contours. 

 To compare the weighting functions to published onset thresholds for 

behavioural and hearing effects in harbour porpoises. 

 

Chapter 5.  Experimental evaluation of the effectiveness of ramp-up as a mitigation 

method for naval sonar 

In this chapter, the humpback whale was used as a model species to evaluate an 

operational method for mitigating acute effects from sonar in marine mammals. The 

same experiments with humpback whales analysed in Chapter 3 were used to address 

this goal. These experiments were specifically designed to test the effectiveness of 

ramp-up by comparing received levels during full-power sonar operations with and 

without transmission of a preceding ramp-up scheme. The overarching goal was to 

increase understanding about the biological factors that influence ramp-up effectiveness 

in marine mammals in general. I used a regression analysis based on generalised 

estimating equations to model the effects of the treatment on the received sound levels 

and minimum source-whale distance during experimental sessions.  

 

Aims and objectives 

 To quantify the potential effect of ramp-up on the sound levels received by 

humpback whales relative to no ramp-up 

 To investigate the biological factors affecting the effectiveness of ramp-up 
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FIGURES 

Figure 1.1. Map of the 3S
2
 study area around Spitsbergen and Bear Island with the 

approximate locations of experiments conducted in 2011 and 2012. The coloured lines 

indicate the 100-m depth contours derived from the GEBCO_08 grid (British 

Oceanographic Data Centre, 2010). 
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  Chapter 2

A method for reconstructing fine-scale tracks from 

dead-reckoning and position fixes applied to humpback 

whales 

 

SUMMARY 

Detailed information about location and movement of marine mammals is often crucial 

in studies on the potential effects of anthropogenic underwater noise. Combining dead-

reckoning with new Fastloc-GPS technology should provide good opportunities for 

reconstructing georeferenced fine-scale movement tracks, and should be particularly 

useful for marine animals that spend most of their time under water. A computationally 

efficient, Bayesian state-space modelling technique was developed to estimate 

humpback whale locations through time in the horizontal plane. Positional observation 

models were based upon error measurements made during calibrations. High-resolution 

3-dimensional movement tracks were produced for 13 whales using a simple process 

model in which errors caused by water current movements, non-location sensor errors, 

and other dead-reckoning errors were accumulated into a combined error term. 

Compared to tracks derived only from position fixes, the inclusion of dead-reckoning 

data greatly improved the level of detail in the reconstructed movement tracks. Using 

cross-validation, a clear improvement in the predictability of out-of-set Fastloc-GPS 

data was observed compared to more conventional track reconstruction methods. 

During calibration tests, Fastloc-GPS observation errors were found to vary by number 

of GPS satellites received and by orthogonal dimension analysed; visual observation 

errors varied most by distance to the whale. By systematically accounting for these 

observation errors in the position fixes, the developed model framework provided 

quantitative estimates of location uncertainty that can be appropriately incorporated into 

analyses of animal movement. This generic method has potential application for a wide 

range of marine animal species and data recording systems. 
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INTRODUCTION 

‘Dead-reckoning’, i.e. predicting a location by projecting travel direction and speed 

from the previous location, has been used for centuries (Bowditch, 2002) and is the 

basis for modern inertial navigation systems in vehicles (Groves, 2013). Since dead-

reckoning was introduced in bio-logging research over 25 years ago (Bramanti et al., 

1988; Wilson and Wilson, 1988), it has become an established method for 

reconstructing fine-scale movement tracks, in particular for air-breathing marine 

animals that spend most of their time under water, out of sight of global positioning 

system (GPS) signals (Johnson et al., 2009; Wilson et al., 2007).  

 

Dead-reckoning has been used for studies on the natural foraging and orientation 

behaviour of marine animals; for example for pinnipeds (e.g. Benoit-Bird et al., 2013; 

Davis et al., 1999; Matsumura et al., 2011; Mitani et al., 2010), turtles (Narazaki et al., 

2009), diving birds (Shiomi et al., 2008; Wilson et al., 2008), and cetaceans (e.g. Aoki 

et al., 2012; Friedlaender et al., 2009; Goldbogen et al., 2013; Johnson et al., 2008a; 

Schmidt et al., 2010; Stimpert et al., 2007; Tyson et al., 2012; Ware et al., 2011; Wiley 

et al., 2011; Zimmer et al., 2005). Dead-reckoning has also provided important 

information about the behavioural responses of cetaceans to noise (Curé et al., 2015; 

Dunlop et al., 2013; Miller et al., 2009; Miller et al., 2012; Miller et al., 2015a; Tyack et 

al., 2011). Although animals can also be localised under water using active and passive 

sonar (e.g. Baumgartner et al., 2008; Laplanche, 2012; Mellinger et al., 2007; von 

Benda-Beckmann et al., 2013; Wartzok et al., 1992), such techniques require 

transmission and/or reception of sound which is difficult to accomplish  at a high 

resolution, and may impact the environment of acoustically-sensitive marine mammals. 

 

The development of miniature animal-attached data loggers that record movement 

parameters such as compass heading, speed, and body orientation (Burgess et al., 1998; 

Elkaim et al., 2006; Johnson and Tyack, 2003; Mate, 2012; Muramoto et al., 2004) 

enabled the use of dead-reckoning. Because each dead-reckoned position depends upon 

the previous one, the spatial error in the track generally grows with time due to an 

accumulation of sensor errors, movements of water currents, and violations of the 

assumptions that the animal only moves through the water in the caudo-rostral direction 
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and that buoyancy and lift forces are negligible (Johnson et al., 2009). A common 

source of uncertainty in dead-reckoning tracks is the speed of the animal. Speed may be 

estimated if direct measurements are missing (Miller et al., 2009), but can also be 

measured with a speed sensor (Wilson et al., 2008) or approximated based on pitch and 

change in depth (Miller et al., 2004), acoustic flow noise (Goldbogen et al., 2006), or 

overall dynamic body acceleration (Bidder et al., 2012). 

 

Fixes of known positions on the earth’s surface can be used to adaptively calibrate dead-

reckoning sensors or to directly correct dead-reckoned positions (Groves, 2013). 

Position fixes of marine animals are obtained, for example, by visual observation 

(which can be aided by the use of laser range finders and animal-attached very high 

frequency (VHF) transmitters) (Miller et al., 2014; Witteveen et al., 2008), acoustic 

localisation (Hastie et al., 2014; Stanistreet et al., 2013), light intensity-based 

geolocation (Lisovski et al., 2012), or GPS satellite telemetry. Since conventional GPS 

is generally not feasible for marine animals because of a long (~10-30 s) time-to-fix and 

high current consumption (Tomkiewicz et al., 2010), new snapshot GPS technologies 

such as Fastloc-GPS (Bryant, 2007; Dujon et al., 2014; Schofield et al., 2007) have 

quickly become popular because of their ability to acquire data sufficient to estimate 

location during short surface intervals (Costa et al., 2012). Such approaches store GPS 

pseudorange data, which can be converted into positions after the logger is retrieved or 

after transmission through Argos (Kuhn et al., 2009) or mobile phone networks 

(McConnell et al., 2004). The average spatial accuracy for positions observed with 

Fastloc-GPS (<100 m) is much greater than for positions from Argos (0.5-10 km) or 

light-based geolocation (1-4°) (Costa et al., 2010; Hazel, 2009; Winship et al., 2012); 

therefore, the integration of Fastloc-GPS and dead-reckoning data has the potential to 

result in highly precise georeferenced movement tracks (Brown et al., 2013).  

 

Most studies to date have assumed a constant bias in velocity between position fixes, 

essentially stretching the track to match the fixes (Wilson et al., 2007) or have 

iteratively approximated a constant bias (Miller et al., 2009). I describe here a new 

method for referencing dead-reckoning tracks to position fixes based upon state-space 

models (SSMs). SSMs are an appropriate statistical tool for this application because 
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they explicitly separate the observation processes from the underlying movement 

process (Patterson et al., 2008) and are a standard technique in integrated navigation 

systems for avian, automotive and naval applications (Groves, 2013). In animal 

ecology, SSMs for track reconstruction and smoothing have been implemented as 

Kalman filters (e.g. Anderson-Sprecher, 1994; Anderson-Sprecher and Ledolter, 1991; 

Johnson et al., 2008b; Nielsen et al., 2006; Patterson et al., 2010), particle filters (Breed 

et al., 2012), and using Markov chain Monte Marlo (MCMC) (e.g. Jonsen et al., 2005; 

McClintock et al., 2012; McClintock et al., 2014a; Sumner et al., 2009). Movement data 

of relatively low temporal resolution (e.g. collected via Argos, GPS and light-based 

geolocation) have been the focus of most research on marine animals, although Kalman 

filters have also been applied to high-resolution dead-reckoning data in combination 

with depth (Elkaim et al., 2006; Johnson et al., 2008a) and depth and acoustic 

localisation data (Ward et al., 2008).  

 

The rapid technological developments in bio-logging will likely result in an increasing 

demand for analysis methods for high-resolution data that are easy to implement and 

fast to compute. This was achieved in the current chapter by using the fine-scale dead-

reckoning track to provide the expected 2-dimensional displacement in a discrete-time 

correlated random walk SSM that operates at the irregular but discrete temporal scale of 

the low-resolution positional fixes. This has the advantage of using the high-resolution 

information without the computational cost associated with running a SSM at very fine 

temporal scale. The disadvantage is that the uncertainty associated with the dead-

reckoning track is ignored, so that the estimates of uncertainty in location at times 

between position fixes are underestimates. The size of the underestimation depends 

largely on the time between position fixes, so the method will work better for animals 

that make frequent surfacings. 

 

The development of the method presented in this thesis chapter was motivated by the 

need for detailed movement tracks of humpback whales, Megaptera novaeangliae. The 

whales were tagged with multi-sensor data loggers and Fastloc-GPS loggers in 2011 

and 2012 as part of a behavioural response study (Kvadsheim et al., 2011, 2012; Sivle et 

al., 2015) in waters off Bear Island and Svalbard. The tagged whales were also tracked 
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by visual observers from a small boat. The distance between the whale and the sound 

source during experiments was a crucial parameter in the analyses of the behavioural 

responses to sonar, as errors of even a few tens of meters could have substantially 

changed the estimated received levels at the closest point of approach (Chapter 5). In 

addition, behavioural responses were more likely to be identified from higher-resolution 

tracks (Chapter 3). Therefore, the main objective here was to develop SSMs that 

integrate movement data from dead-reckoning, Fastloc-GPS, and visual observations. A 

secondary objective was to quantify the spatial accuracy of the Fastloc-GPS and visual 

(range and bearing) observations in dedicated tests, so that the observation errors 

included in the models would be realistic. The track reconstruction method presented 

here is easy to implement and has potential application for a wide range of marine 

animal species and data recording systems. 

 

MATERIALS & METHODS 

Data collection protocols 

Thirteen humpback whales were tagged with multi-sensor digital recording tags 

(DTAGs, v2; Johnson et al., 2009) with a Fastloc-GPS logger (F2G 134A, Sirtrack, 

New Zealand) mounted on top, at northern latitudes between 74.00° and 79.03° and 

eastern longitudes between 9.79° and 20.68° in 2011 and 2012 (Table 2.1; Fig. 1.1). The 

tags were attached to each whale with suction cups using a pneumatic tag launching 

system (ARTS; Kvadsheim et al., 2012) or using a 15 m carbon fibre pole, cantilevered 

in a bow-mounted oarlock (Moore et al., 2001). The DTAGs had 1 or 2 hydrophones 

and recorded sound with 16-bit resolution, at 96 kHz sampling rate. The DTAGs also 

recorded 50 Hz pressure, temperature, tri-axial acceleration and tri-axial magnetic field-

strength data. Prior to tag deployment, the internal clock of the DTAG was set to local 

time (synced to 1 s) using a GPS receiver. Fastloc-GPS loggers were configured to 

record a GPS snapshot almost instantaneously after the device emerged from the water 

during a surfacing of the whale. The minimum time interval between GPS snapshots 

was set to 30 s. 

 

Focal follows of tagged humpback whales were conducted from an 8-m long water jet 

propulsion boat with an elevated observer platform. Each tag contained a very high 
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frequency (VHF) radio beacon which aided tracking of tagged whales. The observers on 

the platform measured the angle to the whale relative to the boat’s heading using a 

protractor at the time of the animal’s first surfacing observed at least 2 min after the 

previous sighting was recorded. Simultaneously, the (radial) line-of-sight distance to the 

whale was measured using a laser range finder (LRF), or estimated by eye. Because the 

eye height was only ~3 m, I assumed that the difference between the line-of-sight 

distance and the distance over the earth’s surface (Lerczak and Hobbs, 1998) was 

negligible. To aid locating the whale at the surface, angles-of-arrival of the VHF signals 

from the tag were made visible to observers by a digital radio direction finder system 

(DFHorten, ASJ Electronic Design, Horten, Norway) connected to four 4-element Yagi 

antennas. All visual tracking information (e.g. range, bearing, coordinated universal 

time (UTC), range estimation method, and GPS positions of the observation boat at 1-s 

intervals) were stored in a MS Access database via the software Logger (International 

Fund for Animal Welfare, Yarmouth Port, MA); the data collection protocol is 

described in more detail elsewhere (Kvadsheim et al., 2011). 

 

Dedicated accuracy tests 

Fastloc-GPS 

Dry tests with Fastloc-GPS loggers were conducted in 2011 and 2012 at four sites 

(56.33°N, 2.78°W; 69.68°N, 18.99°E; 78.24°N, 15.54°E; 64.92°N, 23.25°W) to 

quantify the spatial accuracy of each data logger. Measurements were collected with the 

same three loggers (device IDs: 29409, 29420, and 29510) that were deployed on 

humpback whales. During the calibration tests, the three devices were in a stationary 

position, spaced >25 cm apart, and recorded GPS snapshots every 30 s in an outdoor 

space with an open view of the sky. Manufacturer-provided software (Archival USB, 

v1.11, PathTrack, UK) was used to offload the pseudoranges and convert them into 

position estimates based upon the relevant daily broadcast satellite ephemeris data. 

Information stored for each spatial location included the UTC time stamp, number of 

GPS satellites used in the position calculation, and the residual value of the position 

solution. 
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For error calculations, I assumed that the true position of a logger was equal to the 

median of all of the observations for each logger. The geographical coordinates of the 

observations were converted into Universal Transverse Mercator (UTM) coordinates so 

that positional errors (the difference with the median coordinate) could be expressed in 

meters. An observation was excluded from analysis if the residual value of its position 

solution was >30 (no unit); this threshold was recommended by Sirtrack (Sirtrack, 

2012) and adopted by other studies using Fastloc-GPS (e.g. Hoenner et al., 2012; 

Shimada et al., 2012; Witt et al., 2010). The error measurements were divided into bins 

based upon the number of satellites (‘#satellite bins’) from which data were recorded (4, 

5, 6, 7, 8, and 9-12). Scaled t distributions were fitted using maximum likelihood 

estimation via the ‘MASS’ package (v7.3-19, Venables and Ripley, 2002) in the 

software R (v3.0.2, R Core Team, 2013) to estimate the parameters of the observation 

error distributions for each #satellite bin and each orthogonal dimension. The goodness-

of-fit of the distributions were checked with one-sample Kolmogorov-Smirnov tests. 

 

Visual focal follows 

Five tests were conducted in June 2012 in waters near Tromsø, Norway (69.79°N, 

19.19°E) and waters near Longyearbyen, Svalbard (78.56°N, 14.95°E) to quantify the 

accuracy of visual observations. The observers estimated range (radial distance) and 

bearing to an orange heavy duty inflatable buoy that had a diameter of 1.2 m. A 

handheld GPS receiver (Etrex Legend HCx, Garmin, Schaffhausen, Switzerland) with 

EGNOS capability was attached on top of the buoy for recording its GPS positions for 

groundtruthing. A total of seven observers participated in the tests (the same individuals 

who conducted the focal follows on tagged humpback whales); two or three observers 

participated at the same time. The observation boat from where visual estimates were 

made sailed an undetermined course, making occasional turns, matching operations 

during whale tracking. To imitate the data coverage during real focal follows, the boat 

was within <200 m from the buoy for roughly 50% of the estimates but occasionally 

moved to distances of around 1 km. One person (the ‘data recorder’) stored the 

estimates in the software Logger and gave vocal commands. Once every 2 min, the data 

recorder called out “Ready”, which indicated to the observers to start looking for the 

target and to the driver to adopt a steady course. About 10 seconds later, the data 
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recorder called out “Mark”, which indicated to the observers to make their estimates and 

write them down on paper. I limited the time that the observers could look at the target 

because this influences the accuracy of the range estimates (Williams et al., 2007). The 

estimates for range were made visually by the observers, and protractors were used to 

measure the bearing relative to the heading of the boat. The same observation boat and 

data collection protocol were used during the focal follows of the humpback whales 

(details in Kvadsheim et al., 2011). 

 

The absolute bearing (relative to true north) to the whale from the boat at the time of a 

sighting was calculated by adding the boat’s course-over-ground derived from GPS to 

the relative bearing to the whale. Linear errors in range and bearing were calculated as 

the difference between the visual estimates and the ‘true values’ derived from the GPS 

positions of the buoy and the observation boat. The linear range errors were clearly a 

function of range itself (and thus ‘heteroskedastic’), so percent error in range was used 

instead of absolute error (i.e. a multiplicative error model was used). To test for 

potential remaining range-dependency, I fitted a linear regression model to the percent 

error in range as function of true range in MATLAB (v8.1; The Mathworks, Natick, 

MA). A wrapped Cauchy distribution was fitted to the angular errors in bearing in R 

using the package ‘circular’ (v0.4-7, Agostinelli and Lund, 2013).  

 

Process model 

Position fixes (with respect to the Earth frame of reference) of the humpback whale at 

the sea surface naturally occurred at irregular time intervals. The process model in the 

model framework operated on the relatively coarse time scale of these fixes. This 

greatly reduced computational time, but had the disadvantage that the dead-reckoning 

errors were not fully incorporated and thus underestimated the positional uncertainty 

between fixes. The SSM described here is therefore an approximation to a full SSM that 

would run on the finer time scale of the tag data. The humpback whale data set 

contained relatively high rates of position fixes (average of 0.1-1.9 observations/min; 

n=13; Table 2.1), and at those rates the contribution of dead-reckoning on the 

uncertainty was relatively minor compared to the uncertainty from the positional 
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observations. I therefore combined a fairly simple process model with relatively realistic 

positional observation models.   

 

For the process model, I defined J as the number of position fixes, j=1,…,J as the index 

over these fixes, and    as the time interval between    and     . Scalars were written in 

italic and vectors in bold italic. Only the horizontal (xy) plane was considered because 

the depth of the whale (i.e. the z-coordinate of its position) was measured with a highly 

accurate sensor and therefore assumed to be observed without error. The process model 

essentially combined the whale’s position given by the high-resolution dead-reckoning 

track (see next section) with a velocity correction term. Specifically, given an initial 

unobserved whale position   , the unobserved whale positions    at    were derived 

using the algorithm  

 

          
     

     ,  (2.1) 

 

where   
   is the whale’s expected displacement over    given by the uncorrected dead-

reckoning track, and   
    is the velocity correction for the track segment. This 

correction term can be interpreted as the mean ‘bias’ or ‘drift’ in velocity over    

(Bowditch, 2002; Wilson et al., 2007), although in many studies using movement 

models these qualifications refer to the mean velocity of the animal itself (McClintock 

et al., 2014b). To reflect the belief that      could only change slowly over time, I 

assumed that its process was a non-directional first-order Gaussian random walk, 

 

    
          

        ,   (2.2) 

 

where the process noise variance-covariance matrix   [
  

  

   
 ] and   

  and   
  

represent the variances for the x- and y-dimension. The covariance term was set to 0 as 

the process noise was assumed to be independent between the two spatial dimensions. A 

linear relationship of   with    was incorporated to account for the dead-reckoning 

errors that grow with time.  
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Determining the dead-reckoning track 

I describe here how the uncorrected dead-reckoning track was derived from the high-

resolution observations. As mentioned earlier, no observation models were incorporated 

for these tag-derived data. Parameter I was defined as the number of high-resolution 

observations, i=1,…,I as the index over these observations, and    as the time interval 

between    and     . The whale’s uncorrected velocity    for    was 

 

             [
        

        
],  (2.3) 

 

where    is the whale’s speed-through-water, and pitch    and heading    describe the 

orientation of the whale’s body with reference to the Earth frame (Johnson and Tyack, 

2003). Vector    may be used to calculate the uncorrected dead-reckoning track using 

the algorithm             ; however, because the process model operated on the 

coarser, irregular time scale    determined by the position fixes, I integrated    with 

respect to time in the domain    [       ) to find the whale’s uncorrected 

displacement   
   that was used in Eqn 2.1: 

 

  
   ∑       

    

     
.   (2.4) 

 

Positional observation models 

A set of equations stochastically related each whale’s unobserved position    at time    

to the observations of range (radial distance), bearing, and/or Fastloc-GPS. The 

observation error structures were based upon the results of the dedicated accuracy tests 

(see ‘Results’). Specifically, the observation model relating the observed Fastloc-GPS 

position,     
 , to the unobserved whale position for the x-dimension was 

 

    
   (         

      
 )   (2.5) 

 

with a similar formulation for the y-dimension. Parameter   
  represents the scale and 

  
  the shape (or, degrees of freedom) of the scaled t distribution. Because Fastloc-GPS 
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accuracy is related to #satellites (Dujon et al., 2014; Hazel, 2009), I used the parameter 

estimates obtained from the dry test data as fixed values for   
  and   

  (where quality 

q=1,…,6 indexes the 4, 5, 6, 7, 8, and >8 satellite bins, respectively) in an approach 

similar to the use of Argos quality classes in other studies (e.g. Jonsen et al., 2005). 

 

The observation model implemented for range between observer and whale at the 

surface was  

 

    (       
     ),  (2.6) 

 

where    is the observed range and    is the unobserved range. Thus, the observation 

error was assumed to be normally-distributed around 0%, which was close to the truth 

according to the visual observer tests (see ‘Results’). Scale parameter   
   represents the 

percent error SD for m = 1, 2, where range estimation method m  = 1 if estimates were 

made visually (by eye), and m = 2 if a laser range finder was used to make the 

measurement. Its value for m = 1 was based upon the visual accuracy tests and for m = 2 

was assumed to be 10%. The observation model implemented for absolute bearing 

between the observer and the whale was 

 

           ,    (2.7) 

 

where    is the observed bearing,    the unobserved bearing, and   is the scale (or, 

concentration) of the wrapped Cauchy distribution that was derived from the visual 

accuracy tests. 

 

Finally, I related the unobserved difference in position between the observation boat and 

the whale (  
        

 ) to the unobserved range and bearing via a Cartesian-to-polar 

coordinate transformation: 

 

   ‖  
  ‖, and  (2.8) 
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   ,  (2.9) 

 

where       is the four-quadrant arctangent to realise   =(−180°, 180°]. The position 

of the observation boat   
  was measured with a GPS receiver with an average error of 

<3 m (unpublished data). This GPS receiver was located within 1 m from the visual 

observers; therefore,   
  was set to be equal to the Cartesian coordinates of the measured 

GPS positions (the model can be easily adapted to include error on the observer boat’s 

position). 

 

Data processing and model fitting 

Pre-processing 

Procedures for offload, calculation and filtering of data collected by the deployed 

Fastloc-GPS loggers were the same as for test data (see for details: ‘Methods – 

Dedicated accuracy tests’). Using a conversion from geographical to UTM coordinates, 

all positions of the whale and the observation boat were placed in a Cartesian coordinate 

system with at the origin (x=0, y=0) the first observed position of the whale (Table 2.1). 

I temporally aligned the position fixes of the same surfacing to further reduce 

computational costs. This was accomplished by 1) identifying pairs of Fastloc-GPS 

observations that were observed within 5 s of one another and replacing the timestamp 

of the last fix with that of the first (only for whales that had two GPS loggers attached), 

and 2) replacing the timestamps of the visual observations that were made ±5 s from a 

Fastloc-GPS observation by the timestamp of the Fastloc-GPS observation. The 5-s 

interval was judged to be the longest time interval that could not result in observations 

from separate whale surfacings being falsely aligned, and was based upon an 

exploratory analysis in which the times of position fixes were plotted on the 

corresponding dive profile. 

 

For each tag record, data on depth, acceleration and magnetic field strength from the 

DTAG were downsampled to 1 Hz resolution (   = 1 s) using a DC accurate decimating 

filter. The whale’s pitch (    and heading (  ) were derived from the acceleration and 

magnetic field measurements following the techniques detailed elsewhere (Johnson and 

Tyack, 2003). Estimates of the whale’s speed-through-water (  ) based upon depth rate 
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per second divided by the sine of pitch during steep (i.e. |  |>50°) descents and ascents 

(Miller et al., 2004) were regressed against the uncalibrated (1-s root-mean square) 

noise level (  ) in the 66-94 Hz frequency band (Ware et al., 2011) using the model: 

 

                    
  ,  (2.10) 

 

where   ,    and    are model parameters. This function should be an appropriate 

model according to the physics of flow noise (Haddle and Skudrzyk, 1969), although 

empirical verification is recommended on a case-by-case basis. Both body pitch and 

noise level were low-pass filtered using a zero-group-delay fast impulse response filter 

with a 0.15 Hz cut-off frequency to remove fine-scale temporal variations such as from 

fluke strokes to generate thrust (Simon et al., 2012). The fitted function was used to 

predict    from    throughout the entire tag record, including the regions of shallower 

pitch (Goldbogen et al., 2006; Goldbogen et al., 2008). Flow noise is likely to be 

influenced by noise generated by the sea surface when the whale is at shallow depth; 

therefore, speed-through-water estimates for each period where the whale was at <5 m 

depth were replaced using a linear interpolation of the start and end values of the period. 

 

Fitting the track reconstruction model 

Model fitting was performed using Markov chain Monte Carlo (MCMC) algorithms in 

the software JAGS (v3.4.0, Plummer, 2003) through an interface with MATLAB. 

Uniform priors were assigned to most parameters:               ,               , 

    
              , and     

              ; only the initial position of the whale had 

informative priors that reflected the accuracy of its observation (Table 2.2). Thirteen 

models were fitted to the data set; one for each whale record. To assess whether 

parameters converged to stationary distributions, I ran two MCMC chains with different 

initial values. Each chain had a burn-in period of 200,000 samples and a total run length 

of 280,000 samples, and was downsampled (thinned) by a factor of 5 to reduce memory 

load. Mixing and stationarity were assessed by visual examination of trace plots and 

using the Brooks-Gelman-Rubin statistic  ̂ (Gelman et al., 1998). MCMC chains were 

run in parallel on multiple cores of a desktop computer (Intel i7-4930K processor with 
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six physical cores; 32 GB of RAM; 64-bit MS Windows 7 operating system); up to 

three models were fitted at the same time. 

 

Post-processing 

The JAGS output included the posterior estimates of the low-resolution track (  ; the 

whale positions at the times of the position fixes); posterior estimates of the high-

resolution track (  ) were calculated in a post-processing analysis. To obtain the final 

(corrected) position estimates with uncertainty, 3,200 high-resolution track realisations 

(or ‘posterior sample tracks’) were calculated from 1,600 computed iterations (10% of 

the total) using the whale’s uncorrected velocity    derived with Eqn 2.3, the posterior 

samples of the whale’s initial position   , and the posterior samples of the velocity 

correction   
   . 

 

Assessing model performance  

A form of 10-fold cross-validation (Fielding and Bell, 1997) was conducted to compare 

the performance of the developed method to other track reconstruction methods. 

Specifically, the cross-validation analyses tested how well out-of-set Fastloc-GPS 

positions were predicted by the state-space model and the other methods. Only Fastloc-

GPS position fixes were part of this analysis as they were generally more accurate than 

the visual position fixes (see ‘Results’) and less likely to include temporal 

autocorrelation. First, I left out every 10
th

 Fastloc-GPS observation (the ‘validation 

data’) and fitted the state-space model to the remaining observations (the ‘training 

data’). For each observation in the validation set, I then measured the positional (cross-

validation) error relative to the following horizontal track types: 1) the mean posterior 

track based on the state-space model fitted to the training data, 2) a track with linear 

interpolation between the training data, 3) a track with linear interpolation between 

visual position fixes (excluding fixes that occurred during the same surfacings as the 

validation data), and ‘forced-point’ dead-reckoning tracks that were stretched to match 

the training data (Wilson et al., 2007) and initially calculated with 4) constant speed or 

5) speed derived from flow noise. The procedure was iterated 10 times per whale, each 

time changing the validation set indices to leave out a different 10% of the Fastloc-GPS 

observations. Cross-validation analyses were conducted for three different whales (IDs 
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1, 7, and 11) and positional errors were averaged within their #satellite bin to assess 

overall model performance. 

 

Because the rate of Fastloc-GPS fixes was relatively high for these three whales (~1 fix 

every 2 min; Table 2.1), a second type of cross-validation was conducted in which the 

validation set was created by taking a series of five consecutive positions instead of a 

single position, leaving the next five consecutive positions in the training data set. 

Therefore, instead of omitting 10% of the observations at each iteration, 50% of the 

observations were omitted (periods that averaged 10 min) at each iteration, and the same 

Fastloc-GPS positions were part of the validation set five times. Calculation of the 

positional cross-validation errors was the same as described above, except that visual 

position fixes were excluded during the whole time interval spanning the five 

consecutive Fastloc-GPS observations. 

 

RESULTS 

Fastloc-GPS accuracy tests 

A total of 35,347 location observations were collected during ‘dry’ tests with Fastloc-

GPS loggers (n=3) in fixed positions, which amounted to a total of 4.9 days’ worth of 

data. The number of observations assigned to the 4, 5, 6, 7, 8, >8 satellite bins was 

3,864 (11%), 4,690 (13%), 5,648 (16%), 6,402 (18%), 6,102 (17%) and 8,641 (24%), 

respectively. Only 0.2% of these observations had residual values >30 and were omitted 

from the final data set (all sites and devices combined). The spatial errors of the three 

loggers were similar within each #satellite bin, although one logger (ID 29420) acquired 

data from a greater number of satellites on average (7.7) than the other two loggers (6.5 

and 6.7) (Fig. 2.1) and thus recorded more positions of higher accuracy. There were 

some indications that the errors differed somewhat across test sites, possibly because of 

differential weather conditions, but this comparison was limited by low numbers of 

observations in some of the subsets (Fig. 2.1). For both spatial dimensions (x and y), the 

accuracy of the Fastloc-GPS observations was positively related to the #satellites used 

in the position calculation (Fig. 2.2). The positional errors in the final data set were well 

described by the scaled t distribution (Fig. 2.2; Kolmogorov-Smirnov tests, p>0.05 for 

each distribution). The maximum likelihood estimates and standard errors (SEs) for   , 
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  , and    are provided in Table 2.3. The obtained error distributions were symmetric 

(   close to 0 m) and ~1.3 times narrower in the x-direction than in the y-direction 

(  
 /  

 ; see also Figs. 2.1 and 2.2). Estimates for    increased with the #satellites from 

about one (Cauchy errors) for 4 satellites to about eight (approximating Gaussian errors) 

for >8 satellites. 

 

Visual accuracy tests 

The accuracy tests with human observers (n=7) produced a total of 220 visual 

observations of range and bearing used to estimate location. Each test took ~40 min; the 

combined duration of the data collection periods was 3.2 h. Despite modest sample 

sizes, the percent errors in range and angular errors in bearing were reasonably well 

described by the Normal and wrapped Cauchy distributions, respectively (Fig. 2.3; 

Kolmogorov-Smirnov test with range data, p>0.05). The slope of the percent error in 

range regressed against the true range was significantly different from 0 at p=0.02, 

indicating that the percent error overestimated at close range and underestimated at 

large range, but this effect was very small (0.027% per metre; Fig. 2.3). There was very 

little consistent negative bias in the estimates of range (: −2.95%) and bearing (: 

−1.24°). Visual estimates of range were relatively inaccurate (  
 : 30.2%) compared to 

the bearing estimates ( : 0.897; circular SD: 11.6°). The positional uncertainty of a 

whale location obtained through visual observation will therefore be highly 

asymmetrical in Cartesian coordinates, further justifying the use of a range-and-bearing 

observation model to incorporate the anisotropic errors.  

 

Humpback whale tracks 

Visual examination of the trace plots of the estimated parameters confirmed that 

convergence was always reached within the burn-in phase, MCMC chains were 

stationary, and sufficient posterior samples were obtained. This was corroborated by  ̂ 

values of ≤1.05 for each parameter (Table 2.4). The model runtime varied greatly across 

whales (range: 0.2 to 78.4 h; Table 2.1) and depended strongly upon the number of 

position fixes (especially from Fastloc-GPS).  
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I first provide an example of a reconstructed fine-scale track using the results for whale 

11. This whale remained in an area of about 5 × 4 km (x × y) for the full 7.8 h duration 

of the track (Fig. 2.4). The whale’s horizontal movements ranged from very directional 

with slow clockwise turns and little short-term heading variation to very non-directional 

with large short-term heading variation. In general (and as expected), the most probable 

(posterior mean) whale positions were very close to the Fastloc-GPS fixes, further from 

position fixes made with laser range finder, and the furthest from position fixes for 

which range was estimated by eye (Fig. 2.4). Repetitions of bursts of speed (up to 3-4 

ms
−1

) concordant with rapid changes in depth suggested that this whale performed 

multiple feeding ‘lunges’ (i.e. feeding events in which the animal speeds up to engulf 

large volumes of water and filter prey; Goldbogen et al., 2008; Simon et al., 2012) in 

the bottom phase of most dives. The whale’s uncorrected velocity v over the whole 

track ranged between −3.6 and 3.2 ms
−1

 in the x-direction (min/max   
   : −0.2/1.0 

ms
−1

) and between −4.3 and 4.0 ms
−1

 in the y-direction (min/max   
   : −0.9/0.3 ms

−1
). 

Some sudden changes in      appeared to correspond with changes in the movement 

parameter values for this animal (e.g. the shallow diving period starting at 04:00 UTC). 

The velocity correction process for this whale was relatively volatile (posterior means 

for    and    of 0.014 and 0.012 ms
−1

, respectively) compared to that of other whales 

(Table 2.4; Appendix I).  

 

The complete data set of 13 whales contained large differences in movement patterns 

and behaviour (Appendix I), and detailed visual inspection of the tracks suggested that 

the track reconstruction model performed satisfactory under a wide range of conditions. 

The positional uncertainty in tracks with none or few Fastloc-GPS fixes (e.g. whales 2 

and 3; Table 2.1) was generally greater than for tracks with many Fastloc-GPS fixes 

(e.g. whales 7 and 13). Clear differences in the posterior mean estimates of      were 

observed among animals (Appendix I); while in some cases its values remained close to 

0 ms
−1

 for the entire track duration (e.g. whales 1 and 9), in others its values gradually 

changed over time (e.g. whale 13) or values indicated a strong consistent bias in one 

direction (whale 3).  This between-animal variation in      was also reflected in the 

posterior mean estimates of  , which ranged between 0.003 and 0.015 ms
−1

 and were 

often similar between x- and y-dimensions (Table 2.4; Fig. 2.5). 
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Cross-validation analyses 

Results of the cross-validations were based upon a combined (n=3 whales) validation 

set of 206, 247, 212, 161, 96, 44, and 29 unique Fastloc-GPS positions (for 4, 5, 6, 7, 8, 

9, and >9 satellites, respectively). Positional cross-validation errors indicated that the 

mean posterior tracks of the Bayesian SSMs most closely approximated the validation 

data and the mean measurement errors from the dry tests compared to other track 

reconstruction methods (Fig. 2.6). Performance varied across methods, with the forced-

point dead-reckoning tracks being, on average, more accurate than the tracks with linear 

interpolation between Fastloc-GPS fixes and tracks with linear interpolation between 

visual fixes (Fig. 2.6). Mean cross-validation errors decreased with increasing #satellites 

for all track types, indicating that the measurement errors of the validation data formed 

part of the cross-validation errors. As expected, the cross-validation errors were greater 

and the differences between methods greater when the validation sets contained blocks 

of 5 consecutively observations (simulating periods of ~10 min without data collection) 

instead of single observations (Fig. 2.6). However, the above results regarding which 

method performed best and the decreasing error with #satellites were the same for both 

10% and 50% data removal. 

 

DISCUSSION 

Accurate tracking of marine animals (e.g. mammals, penguins, and turtles) with high-

resolution multi-sensor data loggers has become increasingly important in ecology and 

conservation biology (Johnson et al., 2009; Nathan et al., 2008). These data loggers 

have already provided valuable information on topics such as foraging behaviour (Aoki 

et al., 2015; Goldbogen et al., 2008; Parks et al., 2014; Samarra and Miller, 2015; Wiley 

et al., 2011), time and energy budgets (Friedlaender et al., 2013; Isojunno and Miller, 

2015) and human impacts (Antunes et al., 2014; Miller et al., 2015a; Wensveen et al., 

2015b), but the number of methods available for analysis of marine animal movements 

from high-resolution data is still very limited. To partially address this gap, this chapter 

describes an effective SSM framework that is designed for relatively fast reconstruction 

of fine-scale tracks combining visual, Fastloc-GPS, and dead-reckoning data. Empirical 

data from accuracy tests formed the basis of the observation models.  
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Visual observation is a method that is often used for accurate tracking of marine 

mammals at the surface (e.g. using land-based theodolite tracking: Dunlop et al., 2013; 

boat-based focal follows: Miller et al., 2014; or stereo photogrammetry: Macfarlane et 

al., 2015), but a quantitative assessment of its accuracy, as presented in this study, is 

relatively uncommon. The visual accuracy tests with a floating buoy showed that the 

errors in range generally contributed most to the combined positional error from range 

and bearing observations, which is consistent with results from more extensive testing 

during transect line surveys (Leaper et al., 2010). The average range estimation error 

(SD: 30%) was similar to those of naturalists on whale-watching vessels (25%) and less 

similar to range estimates of captains (19%) and members of the general public (45%) 

on these same vessels (Baird and Burkhart, 2000). 

 

The use of the normally-distributed percent error for range was a practical way to scale 

the error with distance, although a minor range-dependent effect in the transformed data 

remained. Error models for range based upon distributions such as the gamma or log-

normal may be more appropriate in certain situations (Marques, 2004). The accuracy 

tests were designed to emulate the real focal follows as much as possible by, for 

example, using the same platform and observers, and limiting the duration that the 

target was visible to the observers (Williams et al., 2007). However, these tests were not 

exhaustive and the estimated errors were likely only reasonable approximations to the 

actual errors during focal follows. Observer-specific differences in the visual estimates 

were not modelled for a number of reasons (i.e. recording who made each observation 

was not part of the field protocol, low sample size per observer for accuracy tests, and 

the estimation error of one observer from 2011 was not quantified), but future studies 

could incorporate observer-specific range and bearing errors within the model 

framework. 

 

The estimated accuracy of the three Fastloc-GPS loggers was roughly comparable to 

other reports (Bryant, 2007; Dujon et al., 2014; Hazel, 2009) when accuracy was 

quantified in terms of 1-dimensional spatial error (Fig. 2.7). For example, I found that 

50 and 95% of the errors in positions based on 4 GPS satellites were within 50 and 633 
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m, respectively. In comparison, the values for these respective percentiles in Bryant 

(2007) were 50 and 810 m and in Dujon and colleagues (2014) were 36 and 724 m. The 

differences in accuracy compared to these other studies were likely caused by factors 

related to satellite coverage, atmospheric conditions and individual receiver sensitivity. 

One important conclusion from the calibration tests was that Fastloc-GPS errors 

differed between the two orthogonal dimensions, as has been described for the Argos 

system (Vincent et al., 2002). It is therefore advisable to always report the 

latitude/northing error and longitude/easting error separately.  

 

The on-animal accuracy of Fastloc-GPS loggers may vary somewhat from the accuracy 

measured during dry tests because of variation in tag placement position on the animal, 

recording settings, and slowly-changing atmospheric effects such as humidity, pressure, 

and ionospheric delay. Therefore, in the future, such covariates could be incorporated 

within SSM frameworks to investigate their relative contributions or to further improve 

measurement error structures and track accuracy.  

 

Visual tracking and Fastloc-GPS are relatively accurate compared to most alternative 

positioning technologies (such as Argos; Patterson et al., 2010; Witt et al., 2010), and 

some research questions can be sufficiently addressed without the use of complex 

methods such SSMs. Possible alternatives to SSMs are removing part of the data based 

upon unrealistic speeds (McConnell et al., 1992) or based upon the number of satellites 

used in the position calculation (Hazel, 2009; Shimada et al., 2012). Also, various 

interpolation methods are available for estimating the track between known position 

fixes (Tremblay et al., 2006).  

 

There are many sources of error that can influence dead-reckoning of animals under 

water. Eqn 2.3 hints at one such source of error; the animals naturally move in the water 

frame of reference and speed is measured in this frame, but the orientation of the whale, 

used to derive velocity, is measured in the Earth frame (which is eventually of most 

interest). In addition, water currents may vary with depth due to the Ekman spiral, 

sensor errors accumulate with time, and speed estimates are often biased and not 

continuously observed. Also, marine animals do not always move in the same direction 
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as their (flexible) body is oriented due to inertia, buoyancy, and hydrodynamic lift 

forces (caused by large pectoral fins, for example) (Johnson et al., 2009). Suction-cup 

tags can occasionally move over the whale’s body, which means that the correction 

angles for the conversion from tag to animal frame, as well as the flow noise/speed-

relationships, may vary throughout the tag record. Because of this complex mix of 

errors, I essentially sacrificed some realism for practicality and implemented a relatively 

simple process model as a correlated random walk on the joint error in horizontal 

velocity. Visual inspection indicated that      co-varied with the movement parameters 

for some animals, but in other tracks small and consistent offsets likely caused by water 

current appeared to be the dominant factor (Appendix I). More in-depth analysis of the 

estimates of      may provide further insights in the relative contributions of the 

sources of errors in the tracks. 

 

Fitting the models with MCMC had the advantage that the non-Gaussian observation 

error structures for Fastloc-GPS and bearings were easy to implement, but also made 

model fitting relatively slow (Table 2.1). To make model fitting with MCMC possible, 

measurement errors were not modelled at the time step of the high-resolution data. As a 

result, the model underestimated the positional uncertainty in the track when fixes were 

not observed. This effect was likely to be small for the short track segments in this study 

but will increase with the time since the most recent location measurement. More 

realistic confidence bounds could conceivably be added to the track segments between 

surfacings using a Kalman filter that is conditioned on the start and end points of each 

track realisation.  

 

By accounting for the observation errors in the position fixes, the model can provide a 

clear improvement over simpler method to georeference dead-reckoning tracks (Wilson 

et al., 2007). Similarly, compared to tracks derived only from position fixes (Sivle et al., 

2015b), the inclusion of dead-reckoning data greatly improved the level of detail in the 

reconstructed humpback whale tracks (Appendix I). Cross-validation analyses 

confirmed that out-of-set Fastloc-GPS locations were better predicted by the model 

framework presented here than by simpler track reconstruction methods that do not 

allow for positional observation error. Independent validation of the technique presented 
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might be (partially) possible in the future using double tagging experiments (e.g. 

Winship et al., 2012) with conventional GPS, using passive acoustic locations of 

animals that vocalise underwater (Laplanche et al., 2015), or using current velocity data 

from acoustic Doppler current profilers or numerical ocean models. 

 

Being a recursive method, dead-reckoning generally results in positional errors that 

increase with time, and the speed of the water current may have a particularly large 

influence on these errors. Knowing the rate at which model performance deteriorated 

would be useful for scientists studying different species or for users of animal data 

loggers who need to decide on position sampling schemes. However, a preliminary 

analysis (not shown here) of the cross-validation errors against time to the nearest 

Fastloc-GPS position did not consistently demonstrate this trend of decreasing model 

performance, likely because of the relatively large contribution of Fastloc-GPS 

observation errors and because time intervals between locations were relatively short 

(<10 min).  

 

The integration of Fastloc-GPS, depth, speed and inertial sensor data is an exciting 

development that opens the door to the reconstruction of georeferenced 3-dimensional 

movement tracks with relatively high precision compared to existing positioning 

methods. As similar track reconstruction approaches are currently being developed 

(Battaile et al., 2015; Laplanche et al., 2015; Zidek and Trites, 2014), a systematic 

comparison of the tracks produced by the different techniques in the future would be 

valuable. High-resolution animal tracks have the potential to answer fascinating 

scientific questions about, for example, predator movements in relation to prey fields, 

dynamics of group movement, impacts of disturbance on fine-scale animal behaviour, 

and how foraging effort and success relate to individual and population fitness. The 

advancement of bio-logging technology is rapid and, in my opinion, scientists will 

benefit from the use and development of analysis methods that make the most out of the 

growing wealth of information.  
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TABLES & FIGURES 

Table 2.1. Summary of the data sets. For each humpback whale are given the IDs of the 

DTAG and Fastloc-GPS loggers, geographical coordinates of the initial observed 

position, track duration, number of position fixes obtained by visual observation and 

Fastloc-GPS, and computational runtime of the model. The DTAG ID contains 

information about the species, year, Julian day and tag-of-day; for example, 

‘mn11_157a’ refers to the first tag (‘a’) deployed on a humpback whale (Megaptera 

novaeangliae) on day 157 of 2011. 

Whale DTAG ID FGPS  

ID 

Initial position Track 

duration 

Position fixes Runtime 

Lat. Long. Visual FGPS 

°N °E h # # h 

1 mn11_157a 29420 75.141 14.603 14.7 105 451 22.5 

2 mn11_158a 29409 74.832 16.715 7.6 70 20 0.8 

3 mn11_160a 29409 74.651 15.236 13.0 116 0 1.0 

4 mn11_165e 29409 78.074 11.824 11.3 123 205 7.6 

5 mn11_176b - 77.563 12.537 2.9 44 - 0.2 

6 mn12_161a 
29420,  

29510 
77.556 11.277 10.9 186 0 2.6 

7 mn12_164a 29409 77.798 10.073 7.7 122 391 17.1 

8 mn12_164b 29409 77.824 9.793 3.8 68 100 2.3 

9 mn12_170b 29409 77.512 11.633 8.3 87 249 21.6 

10 mn12_171b 
29409,  

29510 
79.032 10.612 7.8 127 646 78.4 

11 mn12_178a 29420 74.867 17.767 7.6 50 159 4.2 

12 mn12_179a 29420 74.051 20.675 8.5 75 202 6.0 

13 mn12_180b 
29409, 

29420 
73.993 20.398 7.6 115 730 54.7 
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Table 2.2. Prior probability distributions for all parameters estimated. Uniform priors 

were assumed for   and   
   . Prior distributions for the initial unobserved whale 

position    reflected the prior knowledge about the accuracy of the initial observed 

position (at coordinates x=0, y=0). These priors therefore depended upon whether the 

position was observed (1) using Fastloc-GPS or (2) visually. Values for the priors on   

and   
    are in metres per second. 

Parameter Description Prior  

   Process error standard deviation, x-dimension             

   Process error standard deviation, y-dimension             

    
    Initial velocity correction, x-dimension            

    
    Initial velocity correction, y-dimension            

     
Initial whale position, x-dimension (1)         

      
   

Initial whale position, x-dimension (2)         
       

     
Initial whale position, y-dimension (1)         

      
   

Initial whale position, y-dimension (2)         
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Table 2.3. Fastloc-GPS accuracy test results. Scaled t distributions were fitted to the 

positional errors measured during the Fastloc-GPS accuracy tests. Maximum likelihood 

estimates and standard error (SEs) are provided for location   , scale   , and shape    

for each spatial dimension and number of satellites used for the position calculation 

(#satellite bin). 

Parameter Number 

of 

satellites 

X-dimension Y-dimension 

  

Estimate SE Estimate SE 

  (m) 4 0.57 0.56 −1.06 0.76 

5 0.21 0.38 −0.41 0.49 

6 0.02 0.22 0.17 0.28 

7 0.01 0.16 0.10 0.20 

8 −0.01 0.14 0.39 0.17 

>8 0.08 0.09 −0.01 0.11 

  (m) 4 24.51 0.68 34.07 0.03 

5 19.11 0.42 25.37 0.04 

6 13.10 0.23 17.12 0.10 

7 10.69 0.16 14.23 0.19 

8 9.28 0.14 11.56 0.42 

>8 7.77 0.10 9.35 0.65 

  (-) 4 0.93 0.90 1.08 0.03 

5 1.44 0.55 1.64 0.05 

6 2.53 0.29 2.73 0.11 

7 3.91 0.21 5.32 0.34 

8 5.83 0.18 6.86 0.58 

>8 8.17 0.12 7.72 0.61 
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Table 2.4. Mean, standard deviation (SD) and 95% credibility interval (CI) of the 

marginal posterior probability distributions for parameters   ,   ,     
   ,     

   ,     ,     , 

and the values of convergence statistic  ̂.  

Parameter 

  

Statistic 

  

Whale 

1 2 3 4 5 6 

sigma_x 

(m/s) 

  

  

  

mean 0.006 0.010 0.009 0.007 0.008 0.006 

SD 0.001 0.002 0.001 0.001 0.003 0.001 

95% CI 

  

0.004 0.007 0.007 0.005 0.004 0.004 

0.008 0.014 0.012 0.009 0.015 0.007 

Rhat 1.02 1.02 1.02 1.01 1.00 1.00 

sigma_y 

(m/s) 

  

  

  

mean 0.005 0.009 0.010 0.007 0.015 0.007 

SD 0.001 0.001 0.001 0.001 0.004 0.001 

95% CI 

  

0.004 0.006 0.008 0.005 0.009 0.005 

0.006 0.011 0.012 0.009 0.023 0.009 

Rhat 1.00 1.00 1.05 1.00 1.00 1.01 

vcor_x1 

(m/s) 

  

  

  

mean -0.26 0.54 -0.34 0.15 0.49 -0.15 

SD 0.08 0.18 0.07 0.10 0.10 0.07 

95% CI 

  

-0.42 0.14 -0.47 -0.03 0.28 -0.29 

-0.12 0.86 -0.18 0.35 0.68 -0.01 

Rhat 1.00 1.00 1.00 1.00 1.01 1.00 

vcor_y1 

(m/s) 

  

  

  

mean 0.07 0.19 0.57 0.13 -0.77 -0.30 

SD 0.11 0.17 0.08 0.07 0.12 0.10 

95% CI 

  

-0.41 0.22 -0.40 0.12 0.30 -0.22 

-0.13 0.67 -0.10 0.37 0.70 0.00 

Rhat 1.00 1.00 1.00 1.00 1.00 1.00 

x_x1 

(m) 

  

  

  

mean 6.1 3.2 0.8 -5.2 16.4 -0.1 

SD 12.6 14.8 9.3 9.2 78.2 5.9 

95% CI 

  

-16.3 -24.9 -15.7 -26.4 -118.4 -12.0 

35.2 34.9 20.6 10.5 188.7 11.6 

Rhat 1.00 1.00 1.00 1.00 1.01 1.00 

x_y1 

(m) 

  

  

  

mean -63.0 6.8 2.1 0.5 -13.3 -0.8 

SD 26.3 21.1 9.0 9.4 62.5 5.7 

95% CI 

  

-47.0 -2.8 -98.9 -38.0 1114.9 -135.2 

-7.0 92.4 -37.9 29.8 1313.4 -77.3 

Rhat 1.00 1.00 1.00 1.00 1.02 1.00 
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Table 2.4. Continued 

 Track ID 

7 8 9 10 11 12 13 

0.007 0.006 0.004 0.014 0.014 0.005 0.010 

0.001 0.001 0.000 0.001 0.001 0.001 0.001 

0.006 0.004 0.003 0.012 0.012 0.004 0.008 

0.009 0.008 0.004 0.015 0.017 0.007 0.011 

1.00 1.00 1.00 1.01 1.00 1.00 1.00 

0.006 0.007 0.003 0.012 0.012 0.012 0.009 

0.001 0.001 0.000 0.001 0.001 0.002 0.001 

0.005 0.005 0.003 0.010 0.010 0.009 0.007 

0.008 0.011 0.004 0.013 0.015 0.015 0.010 

1.00 1.00 1.00 1.02 1.00 1.01 1.00 

0.13 -0.18 0.13 -0.25 0.09 0.06 0.18 

0.08 0.09 0.05 0.18 0.04 0.05 0.07 

-0.02 -0.35 0.03 -0.60 0.02 -0.03 0.05 

0.29 -0.01 0.24 0.11 0.17 0.16 0.31 

1.01 1.00 1.00 1.00 1.00 1.00 1.01 

-0.27 0.19 0.22 -0.19 0.11 -0.04 0.07 

0.09 0.11 0.06 0.17 0.05 0.09 0.07 

0.00 -0.25 0.03 -0.62 -0.06 0.03 0.05 

0.27 -0.09 0.23 0.03 0.25 0.20 0.29 

1.00 1.00 1.00 1.01 1.00 1.00 1.00 

-1.5 -2.8 -6.4 -15.7 0.6 -3.1 8.0 

6.2 8.5 7.0 20.7 15.4 9.8 8.5 

-13.7 -21.8 -21.2 -72.4 -33.3 -24.6 -7.9 

11.0 12.9 6.8 16.0 29.7 15.1 25.5 

1.01 1.00 1.00 1.02 1.00 1.00 1.01 

-12.9 -4.0 20.5 31.7 -2.1 -2.0 -3.2 

11.1 10.0 9.4 31.9 18.7 13.0 10.0 

-13.2 -12.2 -51.8 -141.6 41.6 -93.8 -27.1 

8.7 21.3 -26.9 -61.6 75.0 -47.6 -9.0 

1.00 1.00 1.00 1.00 1.00 1.00 1.00 
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Figure 2.1. Boxplots of the Fastloc-GPS positional errors for the three data loggers 

(29409, 29402, and 29520, from top to bottom), four calibration test sites (A: 56.33°N, 

2.78°W; B: 69.68°N, 18.99°E; C: 78.24°N, 15.54°E; D: 64.92°N, 23.25°W), and six 

#satellite bins (4, 5, 6, 7, 8, and >8). The sample size for each subset is indicated on the 

right vertical axis. Outlier data points were omitted to improve readability. 
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Figure 2.2. Error distributions from Fastloc-GPS accuracy tests. Scaled histograms 

(grey bins) of the Fastloc-GPS positional errors and the corresponding pdfs (black lines) 

of the scaled t distributions are shown as functions of spatial dimensions x and y and the 

number of satellites used in the position calculation. All graphs are truncated at ±130 m 

for clarity, although positional errors of several kilometres were occasionally observed. 

 
  



 2-70 

Figure 2.3. Error distributions from visual accuracy tests. Distributions of (A) angular 

errors in the bearing from the observer to the whale, and (B) errors in range expressed 

as a percentage of true range. Grey bins represent scaled histograms of the observation 

errors and black lines represent the pdfs of the fitted distributions (wrapped Cauchy for 

bearing; Normal for range). The scatterplots in the right panels illustrate: (C) the range 

estimated by the observers during tests as function of the true range derived from GPS 

positions, and (D) the range percent errors vs. true range, with the fitted linear 

regression line indicating little tendency for under- or overestimation. 

 

  A B C 

D 



 2-71 

Figure 2.4. Example of a reconstructed track. Shown are (A) the full, most probable 

track (i.e. the posterior means of x) and position fixes recorded for humpback whale 11 

(i.e. mn12_178a) and (B) a detailed view of sections of the track. Visual position fixes 

were derived from ranges that were estimated by eye or measured using a laser range 

finder (LRF). Information only shown in (B): the GPS positions of the observation boat, 

10% of the computed whale track realisations, and the most probable whale positions at 

the times of the fixes (  ) with their 95% confidence ellipses (Jackson, 1991). 

Movement parameters of the track are shown in the panels on the right: (from top to 

bottom) the whale’s body pitch and heading angles measured in the Earth frame, the 

whale’s speed-through-water derived from flow noise, the uncorrected velocity of the 

whale, the posterior mean velocity correction with 95% credibility intervals (CIs), and 

the depth of the whale (z-axis coordinate of its position). 

 

 

  

A 

B 
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Figure 2.5. Marginal posterior probability distributions for all whale tracks. 
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Figure 2.6. Results of the cross-validation analysis. Cross-validation errors (mean ± 2 

s.e.m.) are shown as function of the number of satellites of the validation set (i.e. the 

out-of-set Fastloc-GPS data) for analyses where (A) single positions were omitted (10% 

of data) and (B) series of five consecutive positions were omitted (50% of data). 

Positional cross-validation errors were calculated for five different track types: 1) a 

track with linear interpolation between visual position fixes (♦), 2) a track with linear 

interpolation between Fastloc-GPS position fixes (×), ‘forced-point’ dead-reckoning 

tracks initially calculated with 3) constant speed (■) or 4) speed from flow noise (▼), 

and 5) the mean posterior track of the Bayesian state-space model (●). One-dimensional 

positional errors for Fastloc-GPS derived from the large data set collected during dry 

tests (▲) are shown for comparison (see also Fig. 2.7). Symbol horizontal positions 

have been offset for clarity. 

 

  A B 
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Figure 2.7. One-dimensional Fastloc-GPS errors. Positional errors during calibrations 

were represented as radial distances from the median and plotted against the cumulative 

percentage of positions for comparison with other studies. Each line represents a subset 

of data based upon the number of satellites (4 to 12) used for the position calculation. 

The insert shows the pdfs for the 9 satellite coverage categories. The graphs were 

truncated at 100 m for clarity. 
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  Chapter 3

Dose-response functions for avoidance onset and 

feeding cessation by humpback whales in response to 

naval sonar 

 

SUMMARY 

There is concern that anthropogenic noise may significantly impact the habitats and 

welfare of marine mammals. Naval active sonar has received particular attention due to 

several unusual mass strandings of primarily beaked whales, and because the high 

sound levels that these systems can produce may disrupt important behaviours. Naval 

sonars may also affect humpback whales (Megaptera novaeangliae), which have a 

global distribution and vulnerable conservation status, because of the overlap of sonar 

signals with their expected hearing range. In this chapter, dose-response functions for 

behavioural responses to sonar were derived from response thresholds identified during 

18 controlled sonar exposure sessions with 10 independent groups of 1 or 2 whales. To 

obtain thresholds for the onset of horizontal avoidance and cessation of feeding, whales 

were instrumented with DTAGs and then exposed to repeated sonar signals (1.3-2 kHz) 

during dose-escalation experiments. Dose-response functions generated in a Bayesian 

analysis predicted that 50% of the humpbacks would initiate horizontal avoidance after 

receiving a sound pressure level (SPL) of 166 dB re 1 Pa (95% credibility interval 

(CI): 151-176), cumulative sound exposure level (SELcum) of 168 dB re 1 Pa
2
 s (95% 

CI: 148-179), signal-to-noise ratio (S/N) of 71 dB (95% CI: 56-86) and source-whale 

distance of 578 m (95% CI: 427-842). Similar results were obtained for cessation of 

feeding, but the two response types were linked only in 25% of sessions. Although there 

were indications that session order and the animal’s feeding state affected the response 

thresholds, small sample size and high variability in thresholds did not allow firm 

conclusions about the effects of these contextual factors. The dose-response function for 

SPL was generally consistent with humpback whale responsiveness to noise reported in 

literature. Comparison with published dose-response functions for other marine 
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mammals indicated that humpback whales are relatively unresponsive; however, some 

whales were predicted to respond at relatively low received levels.  

  

INTRODUCTION 

Active sonar is used by navies to detect and track quiet submarines, torpedoes and other 

objects under water. Most naval sonars produce high source levels compared to other 

sound sources and transmit repeated sound pulses in frequency bands that fall within the 

hearing ranges of most marine mammals (Ainslie, 2010; Mooney et al., 2012). Naval 

sonar has received particular attention due to several atypical mass strandings of 

predominantly, but not exclusively, deep-diving beaked whales, in connection with 

naval operations (Balcomb and Claridge, 2001; D’Amico et al., 2009; Fernández et al., 

2005). While the exact causes of these mass strandings remain unknown, the proposed 

mechanisms include behavioural avoidance responses leading to stranding directly 

and/or maladaptive dive responses leading to tissue damage (Cox et al., 2006). Sound 

from naval sonar and other anthropogenic sources may also increase stranding rates of 

small cetaceans by impeding on their ability to detect and avoid fishing nets (Wright et 

al., 2013).  

 

The fates of populations rather than individuals are eventually of most concern for 

conservation of marine mammal species, and the potential of sublethal effects to 

translate into population consequences has received increased recognition (National 

Research Council, 2005). Behavioural and physiological disturbance might increase the 

risk of population-level effects (e.g. decreased carrying capacity) if it affects an 

individual’s health, survival, or ability to reproduce. As such, disturbance such as noise 

exposure may become biologically significant if it induces changes in energy intake or 

expenditure, social disruption, or avoidance of an area that is important for life 

functions such as feeding, breeding, or resting (New et al., 2013a; Pirotta et al., 2015; 

Schick et al., 2013). While direct and immediate effects (e.g. the separation of a 

dependent calf from its mother) may impact individual fitness, effects of sonar exposure 

that persist over longer temporal and larger spatial scales (Kuningas et al., 2013; 

McCarthy et al., 2011) are more likely to have the greatest impact. However, long-term 

behavioural effects are difficult to observe in free-ranging marine mammals and these 
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responses could be modified by learning (e.g. habituation, sensitisation, tolerance; 

Bejder et al., 2006, 2009), masking (Clark et al., 2009), hearing loss (Finneran, 2015) 

and stress responses (Atkinson et al., 2015).  

 

One of the first steps in the causal chain of events from sonar exposure to possible 

population-level impacts or strandings is the relationship between the dose of the sonar 

stimulus and the behavioural response, which is quantified by a probabilistic dose-

response function. Dose-response functions have been reported in recent scientific 

literature for several species. These studies had different experimental protocols, signal 

types, response indicators and levels of control over the stimulus and study animals. 

Experimental studies conducted in laboratory conditions showed that the location and 

shape of dose-response functions can depend on the frequency of the sonar (Kastelein et 

al., 2012) and age distribution (Houser et al., 2013b) and exposure history of the 

animals (Houser et al., 2013a). A dose-response function for disruption of foraging 

behaviour in Blainville’s beaked whales was derived from passive acoustic monitoring 

data collected during actual multi-ship sonar operations (Moretti et al., 2014). In that 

study, cessation of clicking responses occurred at slightly higher levels than were 

observed during experimental exposures with tagged Blainville’s and other beaked 

whales (DeRuiter et al., 2013; Miller et al., 2015a; Tyack et al., 2011), but few whales 

were exposed to relatively low received levels of sonar. Experimental studies conducted 

in free-ranging conditions with killer whales and long-finned pilot whales identified 

high levels of within- and between-variation in avoidance response thresholds and 

suggested lower avoidance thresholds for killer whales (Antunes et al., 2014; Miller et 

al., 2014).  

 

Specific methodologies have been developed to collect data that are suitable for the 

construction of dose-response functions for behavioural responses. To assign the correct 

dose to a response, the dose is slowly increased throughout the experiment (dose-

escalation) or a different dose is tested in each trial which has only been practical in 

captive studies of marine mammals. If dose is gradually increased, behavioural 

observations should be collected at a temporal scale that allows for assigning the correct 

dose to a response. The stimulus received by the subject should be measured (or 
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modelled) at the location and time of each response observation (Pater et al., 2009). It is 

currently not clear which property of the stimulus truly triggers a behaviour response in 

most situations (Ellison et al., 2012; Miller et al., 2014; Southall et al., 2007), so the 

dose should be quantified in different exposure metrics (or, “dose metrics”) such as 

sound pressure level (SPL), sensation level, cumulative sound exposure level (SELcum), 

signal-to-noise ratio (S/N) and source-whale distance. 

 

Dose-response studies with marine mammals have applied both quantitative and 

qualitative analytical methods to identify an animal’s response, i.e. changes in 

behaviour that fall outside of baseline variation (DeRuiter et al., 2013; Miller et al., 

2012). Such methods have been applied to univariate or multivariate behavioural data 

(e.g. measurements of vocal, movement or social parameters), resulting in dose-

response functions that either describe one type of response (Antunes et al., 2014; 

Miller et al., 2014) or a combination of response types (Harris et al., 2015b; Sivle et al., 

2015b; Williams et al., 2014). Changes in behaviour might occur in a fixed temporal 

order; thus, it may be possible to determine a different threshold for each response type 

(e.g. Blackwell et al., 2015). In general, dose-response functions predict only the onset 

of response and do not account for its duration or magnitude; however, severity-specific 

dose-response functions for different response types judged to be of similar biological 

importance (Harris et al., 2015b) and dose-severity functions (Houser et al., 2013a; 

Houser et al., 2013b) have also been reported. Harris and colleagues (2015) provided 

more details on the methodological considerations behind dose-response studies. 

 

Acoustic variables are often the variables of interest in dose-response studies; however, 

an animal’s response can also be influenced by other factors relating to the 

environmental or individual context of the exposed animal (Radford et al., 2016; 

Richardson et al., 1995). These factors therefore may increase the levels of unexplained 

variation in response thresholds. Examples of such contextual variables are the 

motivational or behavioural state of the animal (Goldbogen et al., 2013b; New et al., 

2013b), personality (Sih et al., 2004), group composition (McCauley et al., 2000), 

density and behaviour of prey (Nowacek et al., 2011), level of ambient noise (Dunlop et 

al., 2013; Kastelein et al., 2011a) and relative motion of the source (Wartzok et al., 
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2003). Because free-ranging animals are constantly exposed to sounds in their natural 

environment, the novelty of the stimulus and the animal’s previous experience with that 

stimulus should also be important (Reichmuth, 2007). Contextual variables can be 

included in dose-response analyses to generate context-specific dose-response functions 

(Harris et al., 2015b); however, information about these covariates that may cause 

gradations in responsiveness is often missing, in particular for studies of free-ranging 

animals. 

 

In this chapter, I used data from experiments in which tagged humpback whales were 

exposed to 1.3-2 kHz upsweep signals (Kvadsheim et al., 2015; Sivle et al., 2015b). 

These experiments were designed with two overall goals in mind: to test the 

effectiveness of ramp-up for naval sonar (which is addressed in Chapter 5), and to 

investigate all observed behavioural responses (i.e. vocal, movement, social) elicited by 

the sonar exposure. During the experiments, the received sonar dose was gradually 

escalated by having the source vessel move directly towards the whale and transmitting 

a ramp-up during the initial stage of the approach. This design was aimed at identifying 

the onset of response in the tagged animals. (Maximum levels of ~175 dB re 1 Pa for 

SPL and 180 dB re 1 Pa
2
 s for SELcum in case of no response were aimed for). The 

methodology was similar to that used by Miller et al. (2014) and Antunes et al. (2014), 

with the primary difference being that the duration of the exposure session was 

shortened to 10 minutes to be able to assess sonar ramp-up effectively (Chapter 5; von 

Benda-Beckmann et al., 2014). The rapid dose escalation in relatively few individuals is 

analogous to accelerated titration methodologies developed to study the benefits and 

risk of medical treatments during phase-I clinical trials (Simon et al., 1997). 

 

The two primary objectives of the current study were to 1) obtain dose-response 

functions for two of the response indicators investigated by Sivle et al., (2015) and 2) 

investigate the potential effects of the animal’s behavioural state prior to response and 

its short-term exposure history on the response probability. Onset of horizontal 

avoidance and cessation of feeding were selected because they were two of the most 

common response types observed (Sivle et al., 2015) and because these types of 

behavioural change have clear potential to translate into significant effects on vital rates 
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if the exposure duration would be longer and the response remains constant. The 

analysis consisted of three parts: 1) identifying onset of avoidance and cessation of 

feeding, 2) measuring the response thresholds using four dose metrics (SPL, SELcum, 

S/N and source-whale distance), and 3) parameterising the multilevel Bayesian model 

described by Miller et al. (2014) using these thresholds to construct independent dose-

response functions for each response type. The fine-scale movement tracks constructed 

in Chapter 2 were used during the identification of the avoidance responses. 

Additionally, results were compared to other dose-response functions published to date 

and differences with the recently proposed method of Harris et al. (2015) were 

investigated. The results of this study could have direct management implications for 

navies and other noise producers, but should also be relevant to the wider field of risk 

management of anthropogenic stressors in the marine environment. 

 

METHODS 

CEE procedure 

Solitary whales or associated pairs of whales were tagged in waters north of Norway, 

either around Bear Island (74°N, 19°E) or West of Spitsbergen (78°N, 11°E). Whales 

were tagged with Fastloc-GPS loggers (F2G 134A, Sirtrack, New Zealand) that were 

mounted on top of multi-sensor DTAGs (version 2; Johnson and Tyack, 2003). The 

DTAGs recorded sound at a sample rate of 96 kHz with 16 bits resolution. The DTAGs 

also recorded pressure, three-dimensional (3D) acceleration and 3D magnetic field 

strength at a sample rate of 50 Hz. After the tags were attached, a focal follow of the 

tagged animal(s) was performed by visual observers from an 8-m motorised vessel. 

Detailed information about the data loggers and focal follow protocols can be found in 

Chapter 2. 

 

Three types of exposure session were conducted as part of the experimental protocol: 

No-Sonar control sessions (n=11), RampUp sessions (n=18), and No-RampUp sessions 

(n=2) (Table 3.1). During RampUp, the source vessel approached at a speed of 4 m/s on 

a predetermined straight course directly towards an intercept point with the focal whale. 

The exposure session started with a 5-minute ramp-up, which was initiated at a distance 

of 1.3 km from the whale. Full-power transmissions were then continued for another 5 
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minutes. Each exposure session was conducted using two intercept calculators to advise 

the experimental coordinator because the start time of the session and line-of-approach 

depended upon a prediction of the future track of the whale (Kvadsheim et al., 2011). 

 

The source vessel was the 55-m R/V HU Sverdrup II, which towed a prototype naval 

sonar source (Socrates II, TNO, The Netherlands; Kvadsheim et al., 2011) using 250 or 

300 m of tow cable. The sonar source was positioned at a depth of about 50 m and 

transmitted one 1.3-2 kHz hyperbolic frequency-modulated upsweep every 20 s. During 

the 5-minute ramp-up period, the single-pulse source level (SL) increased according to 

the following sequence: 152, 168, 180, 187, 192, 196, 199, 202, 204, 206, 208, 210, 

211, 213 and 214 dB re 1 Pa m. This ramp-up duration and transmission scheme was 

selected as the optimal ramp-up based upon a quantitative assessment of hearing injury 

risk (Kvadsheim et al., 2011; von Benda-Beckmann et al., 2014; see discussion in 

Chapter 5 for how this specific ramp-up scheme was selected). The SL of all 

transmissions during the 5-minute full-power period was 214 dB re 1Pa m. Sonar 

pulses were shorter in duration during ramp-up (0.5 s) than during full-power periods (1 

s) to minimise SELcum while at the same time maintaining the expected perceived 

loudness of a 1-s duration pulse (Johnson, 1968; Kastelein et al., 2010).  

 

Other session types followed the same navigational protocol as RampUp, but had no 

transmissions during the first 5 minutes. No-RampUp sessions had only full-power 

pulses during the second 5 minutes while No-Sonar sessions had no transmissions 

during the entire 10-minute period. No-Sonar control sessions were conducted to 

control for the potential effects of the vessel itself on the animals’ behaviour. These 

control sessions were always conducted first, before the two sonar sessions, to avoid 

sensitisation to the sound stimulus from the vessel (Table 3.1). Up to three exposure 

sessions, each separated by 1 hour or more, were performed with the same whale or pair 

during an experimental cycle (Table 3.1).  

 

Identification of behavioural responses 

The UTC times that the humpback whales stopped feeding were reported by Sivle et al. 

(Sivle et al., 2015b). These authors identified lunge feeding events from sudden drops in 
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acoustic flow noise around the tag using a published detection algorithm (Simon et al., 

2012). Feeding was considered to have ceased when the animal reached the depth of 

previous lunges or, if the animal was already ascending, when the next dive began. The 

depth measurements by the DTAG are very accurate (±1 m), thus these change points in 

dive profile are generally easy to identify by eye.  

 

Sivle et al. (2015) also scored onset of avoidance; however, their judgements where 

based on relatively course tracks generated from Fastloc-GPS and visual position fixes. 

Measurement errors in these data made it sometimes difficult to judge whether or not an 

avoidance response had occurred. Therefore, for this thesis chapter, a similar analysis 

was conducted to identify onset of avoidance in the fine-scale horizontal tracks (Chapter 

2). Attraction to the source was also scored but this information, along with all scores 

for No-RampUp sessions, was only used for the analysis into the effectiveness of ramp-

up (Chapter 5). 

 

Two expert groups of 2 persons each independently scored all the exposure sessions for 

behavioural changes using the fine-scale horizontal tracks and then reached consensus 

in a joint meeting. One group consisted of Dr. C. Curé (CEREMA, France) and the 

author; the other consisted of Dr. F. Visser (Leiden University, the Netherlands) and M. 

Roos (University of St Andrews). Each group was familiar with the experiments and 

with the lower resolution track data, but not with the fine-scale tracks. Scorers were 

allowed to use pre-exposure baseline data to make their judgement, because that 

allowed them to assess whether a behavioural change was an actual response to the 

sonar and/or the ship, and not just a normal and coincidental change in behaviour.  

 

Both expert groups had scored the same 9 avoidance responses (100% agreement), and 

the independent scores for attraction agreed by 75% (3/4 responses) before consensus. 

Seven of these avoidance responses were also identified in the earlier study with the 

same whales (Sivle et al., 2015b). One avoidance response (mn12_179a, exposure 

session 2; Appendix II, Fig. A23) that was earlier not identified occurred entirely under 

water; the other (mn11_165, exposure session 3; Appendix II, Fig. A17) was a brief 

response that resulted in relatively minor horizontal displacement. 
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Response thresholds from the focal whale were mostly used because the movements of 

two associated animals are generally not independent. The only exception was exposure 

session 7-1, in which whale mn12_170b ceased feeding just prior to the start of ramp-

up. To be precautionary in terms of impact to the whales, the cessation of feeding 

observed in non-focal whale mn12_170a was used as a response threshold for this 

session (Table 3.2). 

 

Calculation of sonar dose 

To obtain response thresholds for the dose-response analysis (Table 3.2), each 

behavioural response time was matched to the sonar dose received up to that point by 

the animal in the session. Sonar dose was described using three types of sound level, 

SPL, SEL and S/N, and one geometric quantity, source-whale distance. These four dose 

metrics quantify somewhat different aspects of the exposure. All four were considered 

to be potentially relevant as there is currently little scientific understanding about the 

causal links between acoustic dose and behavioural responses  (Southall et al., 2007). 

 

The acoustic dose metrics were calculated from the DTAG audio recordings. Digital 

units were converted to pressures using tag-dependent calibration values based on 

calibration measurements made 1 to 2 months before the experiments (Appendix III). A 

time-weighted SPL was measured over a 200-ms RMS averaging window for each 

recorded sonar pulse. This SPL was calculated by summation of the power in the third-

octave bands between 1 and 40 kHz. Third-octave bands in which the signal level 

exceeded the noise level just prior to the pulse by less than 10 dB were excluded from 

this analysis. The received SPLmax was then taken as the maximum SPL over all pulses 

in the session or, if a response was scored, over all pulses that were transmitted before 

the response. This approach was taken to reduce the potential effects of body shielding 

(Wensveen, 2012). The SPLmax assigned to a behavioural response generally 

corresponded to the final pulse that was received by the animal before the onset of 

response as the experimental design included a rapid escalation of dose at the location 

of the whale. 
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Although the source produced harmonic energy outside of the frequency band of the 

sonar, this energy did not significantly contribute to the unweighted broadband SPLmax 

or SELcum (Wensveen, 2012). The third-octave bands above 2 kHz were only part of the 

analysis because the custom analysis program had a built-in option for applying 

frequency-dependent weightings. SELcum was calculated over all sonar pulses in the 

session or over all pulses before a response. The third-octave bands used for the 

calculation of SELcum were the same as used for SPLmax.  

 

Background noise levels in the sonar band were combined with the SPLmax to obtain the 

S/N (Table 3.2). The noise separation method of von Benda-Beckmann et al. (2016)  

was applied to measure background noise levels in the tag recordings (for examples, see 

Figs. 3.1-3.3). This method calculates the coherence of the sound field measured on the 

closely spaced hydrophones to identify periods that are dominated by flow noise (i.e. 

flow creates an uncorrelated sound field). The SPL of the correlated part of the sound 

field was accepted as background noise level when it exceeded the SPL of the 

uncorrelated part of the sound field by 6 dB or more (von Benda-Beckmann et al., 

2016). The analysis was conducted in 200-ms bins to match the (downsampled) time 

resolution of the DTAG sensor data. The noise separation method showed that in 79% 

of the sonar pulses analysed, the noise measurements in a 1-s window preceding the 

pulse were not affected by flow noise. In these cases the background noise level was 

calculated from that 1-s window (Fig. 3.3). When the noise level could not be estimated 

reliably (e.g. because of flow noise or surface noise), the window preceding a nearby 

pulse was used (Fig. 3.1). Echoes of the previous transmitted sonar signal sometimes 

dominated the noise level (Fig. 3.2), especially in case of the SPLmax of the session; 

thus, for these pulses, the reported S/N was in fact a signal-to-reverberation ratio.  

 

Three experiments (IDs 1, 3 and 6) were conducted using a tag that had only one 

hydrophone, which precluded the use of the noise separation method for these 

experiments. Although aural and visual inspection (e.g. Fig. 3.2) suggested little 

influence of flow noise on the noise levels calculated using the single hydrophone, some 

of the S/Ns may be underestimated. 
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The sound source was assumed to closely follow the path of the vessel at regular tow 

speeds and turning angles. Therefore, the GPS positions of the source vessel and the 

depth of the source were used to estimate the 2D positions of the source by applying a 

correction for the time delay caused by the length of the deployed tow cable. The 

distances between the 3D positions of the source and the whale were calculated 

throughout the exposure session to obtain the minimum distance that had occurred in 

the session and at the start of the response.  

 

Fitting the dose-response functions 

The response thresholds during RampUp sessions were fitted to a set of multilevel 

Bayesian models to estimate the dose-response functions of the humpbacks. Benefits of 

using a Bayesian approach are that it facilitates a fuller representation of the 

uncertainties in the model parameters and is robust to small sample sizes, such as those 

typically collected in sonar dose-escalation studies. Further, it allows for the inclusion 

of prior information about model parameters and measurement uncertainty. The 

Bayesian model framework used in this chapter was developed by Miller et al. (2014) 

and is summarised below.  

 

The process model consisted of a hierarchical organisation of variables and constants 

which occurred at the level of the population, individual or session. At the individual 

level, the expected response threshold i for a behavioural response of whale i was 

assumed to follow a truncated normal distribution: 

 

 ),,,(~ ULTNi  , (1) 

 

where  is the mean threshold of the population, and is the between-whale s.d. in 

thresholds. The truncation allows for the implementation of biologically reasonable 

bounds on the dose-response functions. For the acoustic dose metrics, the lower bound 

L represented the dose at which the 1.3-2 kHz sonar signals were assumed to be barely 

detectable by the animal in the lowest sea state conditions (i.e. SPLmax = 60 dB re 1 Pa, 

SELcum = 60 dB re 1 Pa
2
 s, and S/N = 0 dB (Clark and Ellison, 2004). Upper bound U 

represented a very high dose at which all individuals were assumed to have initiated a 
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response (SPLmax = 200 dB re 1 Pa, SELcum = 200 dB re 1 Pa
2
 s, and S/N = 120 dB). 

For source-whale distance, L and U were set to 0 and 2.5 km, respectively. 

 

The expected response threshold 
ij  for whale i in sonar session j was allowed to vary 

with one or two fixed effects:    

 

 
ijijiij stateIorderI )()( 21    (2) 

 

where 1 is a parameter governing the effect of RampUp2 relative to RampUp1, and 2 is 

a parameter governing the effect of being in a foraging state relative to being in a non-

foraging state. 
ijorderI )(  and 

ijstateI )( are the corresponding binary indicator 

functions, which can take values of 0 or 1. Whales were scored to be in the foraging 

state if at least one lunge was present in the time interval from 10 min before the start of 

the session until either the onset of the avoidance or attraction response, or until the end 

of the session if no response was identified. Models for cessation of feeding omitted the

2 -term because this response was only possible in feeding animals. Gibbs Variable 

Selection (GVS; O’Hara and Sillanpää, 2009) was applied in order to assess the level of 

support in the data for including the  -terms in the model. The  -terms were excluded if 

the support was low. 

 

Another random effect was included to control for within-animal variation in 

thresholds, but only if the GVS procedure had removed
ijorderI )(1 . In that case the 

true but unobserved threshold     for whale i in sonar session j was assumed to follow a 

truncated normal distribution: 

 

 ),,,(~ ULTNt ijij  , (3) 

 

where is the within-animal between-session s.d. in thresholds, and L and U are the 

same as specified above. This approach diverged from the original model structure 

(Miller et al., 2014) which included both the fixed and random effect at the same time, 

but this was not possible here because session order was the same for each whale. 
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Further, each model structure also included an observation model to account for 

uncertainty in the measurements of dose. The observation error of measured threshold

ijy was assumed to be normally-distributed around the true threshold; )5.2,(~ ijij Ny  for 

the acoustic metrics, expressed in dB, and )25,(~ ijij Ny  for distance, expressed in 

metres. The observation error for acoustic dose was based upon the largest variation in 

DTAG sensitivity across the three acoustic calibrations (Appendix III). The observation 

error for distance was based upon the average positional uncertainly in the fine-scale 

tracks of the whales (20 m; Chapter 2; Appendix I) with some added uncertainty for the 

source position. If parameter
ijt was part of the model structure, it replaced

ij in the 

observation model.   

 

Exposure sessions without responses were accounted for by including their unobserved 

response thresholds as censored data points (Plein and Moeschberger, 2003). For these 

sessions, the models for the acoustic metrics assumed a uniform prior probability of 

response that fell between the maximum observed dose and the upper truncation bound 

U (Table 3.3). The models for source-whale distance assumed a uniform prior 

probability of response that fell between 0 m and the minimum observed distance. Thus, 

sessions without observed responses were included either as “right-censored” or “left-

censored” data depending on the dose metric used. 

 

Model fitting was performed using Markov chain Monte Carlo (MCMC) algorithms in 

JAGS (v4.0, Plummer, 2003) through an interface with R (v3.2.2, R Core Team, 2013). 

Wide prior distributions were placed on all parameters (Table 3.3). A uniform prior was 

assigned to the average population threshold   that covered the entire range over which 

all individual response thresholds were expected to fall; [L, U]. Parameters   and   had 

uniform priors that ranged from 0 to 0.25(UL), effectively allowing for random 

variation across this entire range of expected thresholds. Each covariate   was assigned 

a normal prior with mean 0 and a standard deviation of 0.25(UL). Posterior samples 

from two MCMC chains of 100,000 iterations were used for statistical inference after a 

burn-in period of 10,000 iterations was completed. Chains were thinned by a factor of 
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10 to reduce memory load. Mixing and convergence of the chains was assessed by 

visual inspection of trace plots and using the Brooks-Gelman-Rubin statistic  ̂ (Gelman 

et al., 1998; acceptance criterion: 1.05). Prior dose-response functions were calculated 

from the reduced model priors to visualise how the prior knowledge translated into 

dose-response function (Fig. 3.4). 

 

Barnard’s unconditional test (Barnard, 1945) was used on the response/no response 

contingency table using a null hypothesis on no effect of RampUp relative to No-Sonar 

control, for onset of avoidance and cessation of feeding individually, using the R 

package Barnard (v1.6; Erguler, 2015). 

 

Comparisons with other dose-response functions 

The functions generated for onset of avoidance and cessation of feeding in humpback 

whales were compared to 1) a dose-response function constructed using an alternate 

method that was applied to behavioural threshold data from the same experiments, and 

2) dose-response functions for behavioural responses to sonar by other marine mammal 

species. The aims of these comparisons were to assess the effects of methodological 

assumptions behind the methods and to evaluate the potential reasons for differences 

between dose-response functions. 

 

1) The alternate method was a type of a recurrent event survival analysis in which 

marginal stratified Cox proportional hazards models were fitted to the data (see Harris 

et al., 2015, for full details of the methodology). Here, this method was applied to the 

expert-scoring data set of Sivle et al. (2015) which included additional response types 

such as changes in diving and changes in group distribution. The data set was checked 

for errors and updated with the avoidance onset thresholds based on the fine-scale tracks 

(Table 3.2) that were identified in this chapter. Models were fitted only to SELcum 

thresholds for RampUp sessions. The analysis predicted the probability of response 

within three separate response severity strata, but, because the avoidance and change-in-

feeding thresholds used in the Bayesian models all fell within the second stratum (i.e. 

response severities 4 to 6; Southall et al., 2007), only these specific functions were 

plotted. Both fixed effects in Eqn 3.2 were included initially; however, foraging state 
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did not meet the proportional hazards assumption (Kleinbaum and Klein, 2005) and 

session order was excluded during backwards model selection (Harris et al., 2015), so 

only the dose-response functions for models without  -terms were compared. Model 

fitting was performed in R using the survival package (v2.38-3; Therneau, 2015). 

 

2) Bayesian models were also fitted to the combined avoidance threshold data for 

humpback whales, killer whales (Miller et al., 2014) and long-finned pilot whales 

(Antunes et al., 2014). Random between-species variation was not accounted for, so 

these models assumed that all whales came from the same population. Dose-response 

functions were generated from two subsets of data, one that included and one that 

excluded responses of killer and pilot whales during 6-7 kHz sonar sessions. These 

models did not control for session order or foraging state (Eqn 2) but included two fixed 

effects for species; killer whale relative to humpback whale (  ) and long-finned pilot 

whale relative to humpback whale (  ). The priors on the covariates were given the 

same values as for    and    (Table 3.3). The resulting species-specific dose-response 

functions were compared visually to published dose-response functions for the onset of 

behavioural responses in other marine mammal species (Houser et al., 2013a; Houser et 

al., 2013b; Kastelein et al., 2012; Moretti et al., 2014).  

 

RESULTS 

Eleven independent groups of 1 or 2 tagged humpback whales were subjected to 11 No-

Sonar controls and 18 RampUp sessions (i.e. 10 RampUp1 and 8 RampUp2; Table 3.1). 

The sonar dose received by the whales during RampUp sessions ranged between 86 and 

182 dB re 1 Pa for SPLmax, 81 and 184 dB re 1 Pa
2
 s for SELcum, 3 and 88 dB for 

S/N, and 0.062 and 2.2 km for source-whale distance (Fig. 3.5 and 3.6). The variability 

in observed responses thresholds was large; thresholds ranged (mean ± s.d.) between 

102 and 179 dB re 1 Pa (146 ± 21) for SPLmax, 97 and 179 dB re 1 Pa
2
 s (144 ± 22) 

for SELcum, 17 and 83 dB (51 ± 15) for S/N, and 0.21 and 1.7 km (0.98 ± 0.47) for 

source-whale distance (Fig. 3.5). 
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The observed response thresholds revealed correlations between the four dose metrics at 

the time of response. The dose-escalation design simultaneously increased SPLmax and 

decreased source-whale distance (Fig. 3.5A; r = 0.74) during the approach period (all 

but one response occurred during this period). A very strong positive correlation (r = 

+0.98) between SPLmax and SELcum indicated that SELcum was dominated by the SEL of 

the most recent pulse as the increase in the single-pulse SEL (and SPL) from one pulse 

to the next was relatively high (Fig. 3.5B). More unusual was the increase in SPLmax 

with the noise level measured just before the pulse (Fig. 3.5D; r = +0.85), which 

suppressed the variation in S/N compared to SPLmax (Figs. 3.5A,C). This positive 

correlation likely resulted from sonar reverberation levels still exceeding the ambient 

noise level (for pulses with high source levels) and/or from noise radiating from the 

source vessel (for pulses earlier in the session). 

 

Nine avoidance responses during all 18 RampUps (50%) and 5 cessations of feeding 

during 8 RampUps in which animals were initially feeding (63%) were observed (Table 

3.2; Appendix II). Whales neither avoided nor stopped feeding in 6 out of 18 RampUps 

(33%), and both response types occurred only twice within the same session (Table 

3.2). Avoidance was never observed during the 11 control sessions (Appendix II), 

strongly suggesting that the avoidance responses during RampUp were caused by the 

sonar stimuli and not the source vessel (Barnard’s test: Wald statistic = 4.24, nuisance = 

0.34, p = 0.001). In contrast, 2 cessations of feeding were scored for 7 No-Sonar control 

sessions in which animals were initially in a feeding state, so statistical evidence for this 

response type was weaker (Barnard’s test: Wald statistic = 1.40, nuisance = 0.24, p = 

0.13). However, one of these two responses was scored with low confidence by Sivle et 

al. (2015) because only one animal of the pair had stopped feeding.  

 

Thresholds were fitted to multilevel Bayesian models to generate the dose-response 

functions. The Brooks-Gelman-Rubin statistic  ̂ and visual inspection of model 

diagnostic plots showed that all parameters quickly converged to stationary distributions 

with good mixing of the chains, with  ̂ values always falling well below the pre-set 

criterion of 1.05. The MCMC posterior chains for the SPLmax model for onset of 

avoidance illustrated in Figs. 3.7 and 3.8 were representative for the other models. 
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The posterior probabilities of the parameters in the full models that included the factors 

session order and foraging state are summarised in Table 3.4. Context-specific dose-

response functions were generated from the full SPLmax model for onset of avoidance to 

investigate how the response probabilities varied across the four subsets in these whales 

(Fig. 3.9). On average, non-feeding whales during RampUp1 had the lowest avoidance 

thresholds (p50: 128 dB re 1 Pa), followed by non-feeding whales during RampUp2 

(p50: 158 dB re 1 Pa), feeding whales during RampUp1 (p50: 177 dB re 1 Pa), and 

feeding whales during RampUp2 (p50: 186 dB re 1 Pa). The relatively high and precise 

posterior probabilities of the β parameters suggested similar differences between 

foraging/non-foraging states and between RampUp1 and RampUp2 (Fig. 3.7). These 

context-specific functions should be interpreted with caution, as small numbers of 

observed thresholds within some of the subsets and whales not responding at the 

maximum sonar dose resulted in very low support for inclusion of the β-terms in the 

final model (GVS p-values between 0.02 and 0.09; Table 3.4). Models for cessation of 

feeding were not interpreted because the subset for RampUp2 consisted of only one 

observed response threshold (and 2 non-responses). There was a high level of 

unexplained between-whale variation in thresholds ( ) in these full models; the 

posterior medians for this parameter were estimated to be close to the upper bounds of 

their priors (Table 3.4). 

 

Between-whale variation in the reduced models without  -terms was about half (on the 

scale of the s.d.) of the between-whale variation in the full models; this part of the 

variation was absorbed by the newly-added random effect for within-whale variation 

(parameter  ; Tables 3.4 and 3.5). For onset of avoidance, the sonar doses at which the 

response was predicted to occur in 50% of the animals (p50) were 166 dB re 1 Pa (95% 

CI: 151-176) for SPLmax, 168 dB re 1 Pa
2
 s (95% CI: 148-179) for SELcum, 71 dB 

(95% CI: 56-86) for S/N, and 578 m (95% CI: 427-843) for source-whale distance (Fig. 

3.10; Table 3.5). Dose-response functions for cessation of feeding were almost identical 

to those for onset of avoidance, but had slightly wider 95% CIs due to greater within-

animal variation.  
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Behavioural responses of all severities were used in the recurrent event survival analysis 

(Harris et al., 2015), but only the dose-response function for response severities 4-6 was 

plotted because all cessations of feeding and avoidance responses fell within this middle 

stratum. This dose-response function was similar in shape and location to the dose-

response functions generated from the reduced Bayesian models; the difference in 

estimated expected (mean or median) response probability for a given dose never 

exceeded 0.2 (Fig. 3.11). Neither the Cox proportional hazards dose-response function 

nor the Bayesian dose-response functions ever fell outside the others’ 95% confidence 

bounds. 

 

Models were also fitted to a combined data set that included avoidance responses by 

humpback whales, killer whales and long-finned pilot whales (Miller e al., 2014; 

Antunes et al., 2014). The predicted differences in average response threshold between 

the species was in the order of 5 to 25 dB (Figs. 12A,B; see Table 3.6, for posterior 

summary statistics of all parameters). In particular, most of the median curve of killer 

whales for the combination of 1-2 kHz and 6-7 kHz thresholds fell below the 95% CIs 

of the other two species. This difference was reduced when the model was re-fitted to 

include only thresholds measured during 1-2 kHz sessions, as the thresholds of killer 

whales were generally lower during 6-7 kHz sessions (Miller et al., 2014). Humpback 

whales were slightly more responsive during sonar exposure than long-finned pilot 

whales (Figs 12A,B), although the differences between the curves were small. The GVS 

procedure indicated little statistical support in favour of the β-terms for species (GVS p-

values: 0.31-0.40), so latent contextual variables or the small sample sizes may have 

caused any of these differences.  

 

DISCUSSION 

Sonar dose-escalation experiments and a Bayesian statistical procedure were used here 

to evaluate behavioural response onset in relation to three acoustic exposure metrics, 

distance to the source and two contextual variables. The analysis dealt appropriately 

with the small sample size, sessions without observed responses and prior assumptions. 

Similar methodology has been used by Miller et al. (2014) and Antunes et al. (2014) to 

describe the probability of avoidance onset in killer whales and long-finned pilot 
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whales, respectively. An important caveat that applies to all these studies is that, akin to 

in phase-I clinical trials, relatively few individuals were tested, so that results should be 

considered to provide only the first indication of the variation in response thresholds for 

free-ranging cetaceans. Ideally, the predictions made by these experiments are 

compared in future observational research involving more individuals exposed to 

operational sonar sources, e.g. by using PAM, visual surveys and satellite tag 

deployments closely in time and space with actual naval exercises.  

 

Methodological considerations 

The multi-variate behavioural data sets collected during the humpback whale 

experiments were described in detail by Kvadsheim et al. (2015). From these data sets, 

Sivle et al. (2015) qualitatively identified movement, social and vocal responses during 

control and sonar sessions and scored them to a modified version of the Southall et al. 

(2007) severity scale. Scorers were allowed to inspect baseline behaviour patterns to 

distinguish responses from normal changes in behaviour. Here, I used the cessations of 

feeding identified in that study, which were based upon high-resolution DTAG dive 

profiles and upon feeding lunges that were detected from rapid decreases in speed 

(Simon et al., 2012). Sivle et al. (2015) also scored onset of avoidance based on surface 

positions from GPS and visual sightings; however, in this chapter, the high-resolution 

movement tracks constructed in Chapter 2 were used because more subtle responses 

may have been missed in that first assessment. Indeed, all seven avoidance responses 

scored by Sivle et al. (2015) were confirmed here and two additional avoidance 

responses were scored which were not identifiable from the noisier surface positions 

(Table 2; see Appendix II for all whale tracks). This illustrates how behavioural changes 

may be missed if they occur entirely underwater (mn12_179, RampUp1; Fig A23) or at 

scales below the temporal or spatial resolution of the observations (mn11_165, 

RampUp2; Fig. A17).  

 

Only the response thresholds that were measured during dose-escalation experiments 

(i.e. RampUp sessions; Table 3.1) were used in the Bayesian models. Comparison to the 

responses during No-Sonar sessions showed that onset of avoidance was very likely to 

be caused by the sonar stimulus and not by the approaching source vessel, thus 



 3-94 

providing strong support that its dose-response function was representative for the 

effects of sonar. Compared to onset of avoidance, cessation of feeding was more likely 

to be elicited by the sonar stimulus or the source vessel. The timing of feeding cessation 

was also more difficult to determine precisely because humpback whales re-orient 

themselves and need time to process food after a lunge. Both of these effects may have 

added to the uncertainty in the dose-response functions for cessation of feeding. 

 

Dose-response functions were created for four dose metrics. The exposure metric that is 

most often reported in marine mammal disturbance studies is the received SPL 

(Southall et al., 2007), but more recent studies also often report SEL (e.g. Blackwell et 

al., 2004). Animals might not only respond to absolute levels such as SPL and SEL but 

also to levels relative to the hearing threshold (Ellison et al., 2012); frequency weighting 

can provide a solution to this issue (Chapter 4). However, this method was not used here 

as the sonar band (1.3-2 kHz) fell within the most sensitive hearing range of humpback 

whales according to relative audiograms derived from anatomical modelling (Houser et 

al., 2001; Ketten and Mountain, 2014). High-frequency harmonics or sideband energy 

are likely part of the signals from many operational naval sonar systems (e.g. Melcón et 

al., 2012) and these spectral components should be considered in the assessment of 

sonar effects on marine mammals (Kastelein et al., 2012; Miller et al., 2012). In this 

study, however, the received SPLs outside of the sonar band were too low to be 

expected to significantly influence a weighted or unweighted broadband level metric 

relevant for humpback whales.  

 

Animals might also respond to levels relative to the competing background noise (e.g. 

S/N and signal excess; Ellison et al., 2012). Indeed, during playbacks of ~2-kHz signals 

to migrating humpback whales, the received S/N at the start of the playback was a better 

predictor of changes in dive behaviour than the received SPL or source-whale distance 

(Dunlop et al., 2013). Dunlop and colleagues’ (2013) used observation methods that 

excluded the precise identification of response onsets, although the signal level was 

expected to be close to the background noise level during most observed responses. In 

humans, acoustic annoyance of intruding sounds correlated better with absolute levels 

than with S/N, except if the noise level approaches to near the signal level (Richardson 
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et al., 1995). This is consistent with the findings of Kastelein et al. (2011), who found 

that a harbour porpoise reduced the intensity of behavioural responses to 6-7 kHz 

sweeps when signal levels were 20 dB or less above the level of a broadband masker 

(simulating sea states 4 or less); however, there was no difference in responsiveness at 

S/N = 26 and 41 dB. It is conceivable that the influence of background noise on the 

response thresholds in the current study also diminished with increasing SPL. 

Therefore, background noise may have elevated particularly the lowest absolute 

threshold (i.e. SPLmax = 102 dB re 1 Pa; S/N = 17 dB; Table 3.2).  

 

The novel method of von Benda-Beckmann et al. (2016)  was used here to assess if 

noise levels were affected by flow noise and it proved to be a very useful tool. Whilst 

flow noise often dominated the noise levels at frequencies below 1 kHz, levels at higher 

frequencies were generally not affected unless the speed through the water of the tagged 

animal was relatively high (>2 m/s). Sonar echoes and noise from the source vessel 

affected the underwater soundscape during the exposure sessions. As a result, the noise 

levels varied with depth, source-whale distance and time since previous pulse. 

Therefore, I chose to estimate the background noise level in a short (1 s) analysis 

window recorded just before the pulse.   

 

By design, the vessel approach escalated not only the received sound levels at the focal 

whale but also the proximity of the source to the whale. As this parameter was 

controlled by the experimenter, source-whale distance was analysed as a dose metric. 

Effects of source-whale distance on behavioural responses have been shown in a 

number of studies including several studies on baleen whales (Dunlop et al., 2013; 

Frankel and Clark, 1998; Frankel and Clark, 2000b; Gailey et al., 2007; Maybaum, 

1989). Disentangling the potential effects of range and received level is often difficult 

(but see Frankel and Clark, 2000) because these variables are often correlated (as in Fig. 

3.5). Recent observations of the absence of responses in tagged cetaceans during 

incidental sonar exposures highlighted the importance of the interaction between range 

and received level (Cuvier’s beaked whales: DeRuiter et al., 2013; sperm whales: 

Isojunno et al., 2016). These observations suggested that, for comparable received 

levels, transmissions from a distant sonar source at high source level may be less 
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aversive than transmissions from a nearby source at lower source level. The incidental 

sonar exposures were received in the beginning of the tag records, however, so the 

tagged whales may have habituated to the sounds before the start of the experiments. 

 

Whales were exposed to sonar doses that covered most of the range over which 

responses were expected to be theoretically possible (Fig. 3.6). It is worthwhile to 

consider the influence of the priors (Table 3.3) and other model assumptions on the 

dose-response functions, in particular at levels outside the realised exposure range. For 

example, the model assumed that all whales initiated a response at source-whale 

distance = 0 m, SPLmax = 200 dB re 1 Pa, SELcum = 200 dB re 1 Pa
2
 s and S/N = 120 

dB, although these doses were never reached. There is little scientific evidence on 

behavioural effects from such high sound levels or close proximities. The value of this 

upper boundary and the way that censored data were included had some influence on 

the dose-response functions because of the relatively high number of sessions without 

observed response. The censoring method was unbiased in the sense that censored 

response thresholds were assumed to be distributed uniformly between the realised 

maximum dose and the assumed upper boundary. 

 

Only one response occurred very early in the session and none directly after the first 

sonar pulse (Fig. 3.6), which suggested that the low end of the dose-response functions 

were not severely affected by the lack of low-level exposures (there might have been 

some effect of noise level, however, as mentioned earlier). For the acoustic metrics, the 

minimum value that a threshold could take (i.e. parameter L; Eqn 3.1) represented the 

dose at which a 1.3-2 kHz sonar signal was assumed to be barely detectable to the 

animal in very low ambient noise conditions (Clark and Ellison, 2004). Eqn 4.5 

describes how such theoretical detection thresholds can be calculated from average 

wind-driven noise levels given sufficient available information (see Fig. 4.9 for an 

example using the harbour porpoise). Because essentially nothing is known about the 

masked hearing abilities of baleen whales, these minimum values are only 

approximations for humpback whales. Regardless of the derivation of the dose-response 

functions, the application of these functions to predict responses in other situations 
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should always be done carefully and with consideration of the audibility of signals in 

quiet and noisy conditions. 

 

Good correspondence was generally found between the dose-response functions 

generated by the Bayesian models and Cox proportional hazards model for severities 4-

6 (Fig. 3.11). The method proposed by Harris et al (2015) and applied by Sivle et al. 

(2015) to humpback whale data allows for the inclusion of different response types (e.g. 

avoidance, vocal responses) and does not require response types to be selected a priori, 

as such is the case in the Bayesian model (although this judgement is made implicitly 

via the Southall et al. (2007) severity scale). In its current form, the method 

acknowledges that responses may not be equally severe; that is, some response types 

and responses of longer duration are assumed to be more biologically-significant than 

others. The Cox proportional hazards dose-response function predicted a slightly higher 

probability of response at SELcum below ~150 dB re 1 Pa
2
 s (Fig. 3.11) compared to 

the Bayesian functions. This difference was likely the result of other response types 

occurring before onset of avoidance and cessation of feeding as only the first occurrence 

of each severity level is part of the input data. 

 

While the Cox proportional hazards dose-response function approximated the raw 

threshold data more closely, the Bayesian models had stronger distributional 

assumptions and therefore produced smoother curves (Fig. 3.11). These assumptions 

also allowed for prediction outside of the range of observed response thresholds and for 

the incorporation of measurement uncertainty. The use of a single response type made 

the output of the Bayesian function easier to interpret; however, in theory, a different 

function for each response type could also be generated using the method of Harris et al. 

(2015) by stratifying the onset thresholds by response type instead of response severity. 

Although both methods allowed for the incorporation of covariates, the model selection 

via GVS appeared to be perhaps less powerful than model selection based on Akaike 

information criterion that was employed by the Cox proportional hazards-based 

approach. Thus, while both approaches produced comparable results in this case, some 

differences in their outputs were present here and should be expected. Which is the most 
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appropriate method will depend upon the goal of the analysis and the quality of the 

input data. 

 

Factors affecting behavioural responses 

This study uncovered dose-response functions for two functionally distinct behavioural 

response types, i.e. cessation of feeding and onset of avoidance, exhibited by humpback 

whales exposed to naval sonar. Functions were very similar between cessation of 

feeding and onset of avoidance despite the differences in sample size. Both response 

types occurred only twice within the same session (Table 3.2); that is, in 25% of 

sessions in which the whale was initially in feeding state. This suggested that horizontal 

displacement and reductions in feeding occur at similar disturbance levels in humpback 

whales, even if they were generally not the components of one overall response. This 

prediction is consistent with the severity scale of Southall et al. (2007), which assigned 

the same level of importance to these response types.  

 

Onset of avoidance and cessation of feeding were modelled here due to their potential to 

translate into biologically significant effects. However, observations of no response 

should not be considered as evidence of no impact as whales may only respond 

physiologically and not behaviourally or by changing behaviour that is not observed 

(Tougaard et al., 2015b). For example, at received SPLs of 175 dB re 1 Pa or higher, 

the probability of long-finned pilot whales using a synchronous surfacing strategy to 

reduce received levels exceeded the probability of this species avoiding the sonar source 

horizontally (Antunes et al., 2014; Wensveen et al., 2015a). 

 

A comparison of dose-response functions ranked the humpback whale as being less 

responsive to sonar signals on average than most other species tested (Figs 3.12C; 

Houser et al., 2013a; Houser et al., 2013b; Kastelein et al., 2012; Moretti et al., 2014). 

Large differences in response thresholds were apparent across the studies, especially at 

the lower probabilities of response. These differences were likely the result of a 

complex mix of factors, e.g. the experimental setting (wild vs. laboratory), type of 

response, hearing sensitivity and temperament of the species, acoustic and non-acoustic 

properties of the source, group composition, age and sex distribution of the animals, 
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prior experience with the stimulus. Below, I discuss the behavioural response thresholds 

and dose-response functions derived in this chapter in the broader context of what is 

known about marine mammal behavioural responses to disturbance. 

 

Acoustic variables 

The response threshold SPLs observed here (Table 3.2) fell within or just above the 

range of values reported in other studies with humpback whales. The dose-response 

functions were relatively shallow (Figs. 3.9 and 3.10), which reflected the large 

variation in thresholds that is typical for studies with free-ranging marine mammals (Fig 

3.12). Southall et al. (2007) summarised the responses of large baleen whales to 

nonpulsed sounds as no (or very limited) responses between 90 and 120 dB re 1 Pa 

and an increasing probability of avoidance or other behavioural effects in the 120 to 160 

dB re 1 Pa range. This global conclusion was based on responses to sonar signals but 

also on responses to very different stimuli such as broadband vessel noise (e.g. Baker et 

al., 1983).  

 

Responses of humpbacks to tonal signals are particularly worth mentioning. In a study 

that aimed at behaviourally estimating auditory detection thresholds, Frankel et al. 

(1995) found rapid approach responses to playbacks of continuous, frequency-

modulated (FM) synthetic sound (0.01-1.4 kHz) in 4% of humpback whale pods at a 

median received SPL of 113 dB re 1 Pa (lowest threshold: 106 dB re 1 Pa). At 

similarly low received SPLs (88-110 dB re 1 Pa), reductions in humpback whale song 

were observed in response to FM upsweeps (0.4-1.0 kHz band) produced by a high-

power fisheries sonar (Risch et al., 2012). Maybaum (1989, 1993) reported that the 

linearity of humpback whale tracks increased with estimated received SPLs over a range 

of ~110-140 dB re 1 Pa during controlled exposures to FM sweeps (3.1-3.6 kHz) 

transmitted by a Massa M-1002 sonar or a transducer with a lower source level. 

Humpback whales were also reported to increased their song lengths at maximum 

received SPLs of ~110-150 dB re 1 Pa in response to exposure to low-frequency active 

sonar signals (0.1-0.5 kHz band) at a reduced source level (Biassoni et al., 2000; Miller 

et al., 2000). Observations of no response were common in most of these above studies 

and whales were not exposed to SPLs above 160 dB re 1 Pa. Therefore, there is 
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reasonable correspondence between the SPLs reported elsewhere and the threshold 

SPLs of the current study, although most of the levels reported elsewhere fall at the low 

end of the posterior dose-response functions (Fig. 3.10; p50 value = 166 dB re 1 Pa). 

 

Some of these differences in threshold SPLs across studies were likely caused by the 

spectral or temporal characteristics of the exposure signals. The potential importance of 

the frequency spectrum is exemplified in Kastelein et al. (2012), who derived three 

dose-response functions for brief changes in direction and speed for a captive harbour 

porpoise (Fig 3.12C). The functions exhibited clear differences in received SPLs 

between 1-2 kHz upsweeps without harmonics, 6-7 kHz upsweeps without harmonics 

and 1-2 kHz upsweeps with strong harmonics (a signal with maximum sensation level at 

~12 kHz). The frequency spectra of sonar signals may also have affected the 

behavioural responses of free-ranging sperm whales during controlled sonar exposures 

(Isojunno et al. 2016). Consistent changes in foraging behaviour were observed in 

response to 1-2 kHz sweeps, but not in response to 6-7 kHz sweeps (both signals had 

weak harmonics). However, the 15 dB difference in source level between the two signal 

types may also have affected the responses of the sperm whales.  

 

If information about loudness perception or absolute hearing sensitivity is available for 

a species, effects of the spectral characteristics of the signal can be accounted for by 

using a frequency-weighted broadband SPL as the dose metric (Chapter 4). Such an 

approach was taken by Miller et al. (2014) for avoidance responses of free-ranging 

killer whales to naval sonar signals; however, the evidence for a potential effect of 

signal frequency in threshold was not conclusive. Here, the dose-response functions of 

these killer whales were recreated by fitting Bayesian models to a combined data set 

with long-finned pilot whales (Antunes et al., 2014) and humpback whales (this study; 

Fig. 3.12A,B). Refitting the model without the 6-7 kHz data caused an upward shift in 

the dose-response function for killer whales but not for long-finned pilot whales, 

confirming some effect of sonar frequency in the first species but not the latter.  
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Contextual variables 

High levels of between-animal and/or within-animal variability in response thresholds 

were estimated here (Tables 3.4 and 3.5), indicating that thresholds depended upon 

unidentified contextual variables (e.g. psychological, physiological, social or 

environmental factors). The small sample size and large variability in thresholds 

resulted in very little statistical support for the two contextual variables formally 

investigated, i.e. session order and feeding state. Therefore, firm conclusions about 

these effects cannot be drawn; however, the estimated effects were large and there were 

some other interesting trends present in the data set, which I will describe below.  

 

Avoidance thresholds were generally lower during the second sonar session (RampUp2) 

one hour after the first sonar session (RampUp1). This difference was most pronounced 

for animals in a non-feeding state (Fig. 3.9). These response thresholds may thus have 

varied as a function of the novelty of the stimulus or short-term habituation. Separate 

analyses in Sivle et al. (2015) and in Chapter 5 supported the possibility of less severe 

and fewer responses by humpbacks during the second session. Habituation can occur 

only in a specific exposure SPL range; for example, the dose-response functions for 

various behavioural responses of captive bottlenose dolphins indicated an effect of trial 

number for SPLs below 175 dB re 1 Pa, but not at higher levels (Fig. 3.12C; Houser et 

al., 2013a). A decrease in behavioural responsiveness was not observed for California 

sea lions that were tested using the same experimental design (Houser et al., 2013b). 

While animals in human care should not be considered as directly representative of wild 

animals, these studies indicated that the potential for habituation (and the time scale 

over which it occurs) depends upon received level and species’ temperament (Lowry et 

al., 2013). 

 

Houser et al. (2013a, 2013b) also found that responses depended upon the age 

distribution of the animals. This effect was particularly clear for the sea lions, where 

animals of 1 or 2 years old showed stronger behavioural responses than older animals, 

which disproportionately affected the shape of the dose-response function (Fig. 3.12C; 

Houser et al., 2013b). Other aspects of the composition of the social group (e.g. group 

size, calf presence) can also affect the responses of whales to stressors (Cantor et al., 
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2010; Dunlop et al., 2013; Tyack, 1983). The dataset used here included three potential 

mother-calf pairs, defined as duos that were composed of an adult and a smaller-sized 

individual which remained closely associated with each other throughout the tracking 

record (Curé et al., 2015). One of these calves was substantially smaller than the other 

two (Fig. 5.3). The mother of this particular calf (mn12_180ab; Table 3.1; the calf was 

not tagged) was more responsive; it made an unusually deep dive during each sonar 

session and it was the only whale in the data set that showed an avoidance response 

during both sonar sessions (Appendix II). In addition, its avoidance threshold for 

RampUp2 was 38 dB lower than its avoidance threshold for RampUp1 (Table 3.2), 

suggesting sensitisation of this whale and/or its untagged calf. 

 

There was also evidence that the behavioural state of the animals (feeding/non-feeding) 

influenced the avoidance thresholds (Fig. 3.9). In both sonar sessions, whales in a non-

feeding state responded earlier and with lower thresholds than whales in a feeding state. 

Very similar effects of behavioural state on responses to naval sonar have been 

described in blue whales (Goldbogen et al., 2013b). Blue whale responsiveness to 

sounds was reduced when whales were shallow-feeding (max dive depth <50 m) 

compared to non-feeding and deep-feeding whales. There was no evidence of a useable 

depth criterion here but most feeding dives were shallower than 50 m (Appendix II). 

Behaviour is an expression of the underlying motivational state of an animal 

(McFarland and Sibly, 1975; New et al., 2013b), so one might predict that hungry 

whales may tolerate sonar exposure for longer because of the benefit to the animal’s 

fitness. An example of this was whale mn12_178a in experiment 9, which was also the 

most emaciated animal in the data set (for a photo, see Kvadsheim et al. 2015, p111). 

This animal fed continuously throughout the tag record and exhibited no cessation of 

feeding and only one avoidance response (classified as ‘brief’; Sivle et al., 2015) at an 

average received SPL of 143 dB re 1 Pa (Table 3.2; Appendix II, Fig. A11).  

 

Implications for management 

Dose-response functions for the onset of avoidance and cessation of feeding were 

successfully established for humpback whales exposed to 1.3-2 kHz naval sonar. 

Comparing these results to response thresholds reported for humpback whales and other 
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marine mammal species suggested somewhat lower responsiveness in humpback whales 

on average (Fig. 3.12). However, the relatively shallow slopes of the functions indicated 

that some individuals may respond at relatively low received levels that could be 

equivalent to long distances from higher-power operational sonar sources. It is unlikely 

that the short behavioural responses observed during these experimental exposures 

affected the health of the individuals, but responses such as horizontal displacement and 

disruptions of feeding have a clear potential to translate into population-level impacts if 

sonar exposure is more prolonged, more intense and cumulated with other stressors. 

 

While dose-response functions are presented here for four dose metrics that are potential 

predictors of responses, these functions represent responsiveness in the context of the 

conducted experiments. The degree to which these dose metrics can be used to 

extrapolate the response probability to other situations is uncertain. Theoretically, a 

single dose-response relationship is only truly valid if all other dose metrics are 

irrelevant, but there are clear discrepancies between the predictions made by the 

different functions. For example, if only distance would be important then essentially no 

responses would occur at 2 km from the source. However, this distance translates to 

about 150 dB re 1 Pa under spherical spreading conditions, a value at which response 

onset in a significant proportion of animals is predicted by the SPLmax dose-response 

function. The relative importance of these different dose metrics represents an important 

gap in scientific knowledge which bears relevance to extrapolating results to sonars of 

higher source levels and establishing noise criteria for behavioural disturbance.  
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TABLES AND FIGURES 

Table 3.1. Overview of the controlled exposure experiments with humpback whales. An 

experimental sequence consisted of a No-Sonar session followed by two sonar sessions. 

 Whale ID Experiment 

ID 

Date and 

time 

(UTC) 

Tagging 

location 

(°N, °E) 

Exposure session 

1 2 3 

mn11_157a 1 
5 June 2011 

22:25:15 

75.1428, 

14.6322 
No-Sonar RampUp1 RampUp2 

mn11_158ab 2 
7 June 2011 

09:21:23 

74.8303, 

16.6127 
No-Sonar - - 

mn11_160ab 3 
8 June 2011 

22:54:00 

74.6108, 

15.2939 
No-Sonar RampUp1 RampUp2 

mn11_165e 4 
14 June 2011 

13:40:20 

78.0835, 

11.0845 
No-Sonar RampUp1 RampUp2 

mn11_165df
a)
 4 

14 June 2011 

13:59:51 

78.0840, 

11.8113 
No-Sonar RampUp1 RampUp2 

mn12_161ab 5 
9 June 2012 

16:44:27 

77.3435, 

11.1905 
No-Sonar RampUp1 

No-

RampUp
b)

 

mn12_164ab 6 
12 June 2012 

17:13:13 

77.4770, 

09.5942 
No-Sonar RampUp1 

No-

RampUp
b)

 

mn12_170a
a)
 7 

18 June 2012 

03:31:42 

77.6267, 

10.4025 
No-Sonar RampUp1 RampUp2 

mn12_170b 7 
18 June 2012 

03:49:48 

77.4627, 

11.6795 
No-Sonar RampUp1 RampUp2 

mn12_171ab 8 
19 June 2012 

12:21:37 

79.0304, 

10.6687 
No-Sonar RampUp1 RampUp2 

mn12_178a 9 
26 June 2012 

00:28:20 

74.8620, 

17.8054 
No-Sonar RampUp1 RampUp2 

mn12_179a 10 
27 June 2012 

07:57:13 

74.0454, 

20.6807 
No-Sonar RampUp1 RampUp2 

mn12_180ab 11 
28 June 2012 

17:07:52 

73.9834, 

20.4086 
No-Sonar RampUp1 RampUp2 

a) A tagged whale that was associated with the focal whale. 

b) Not a dose-escalation experiment. Responses were not used in the dose-response functions. 
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Table 3.2. Response thresholds of humpback whales for the onset of avoidance and 

cessation of feeding, quantified by four different dose metrics. Exposure session was 

coded as “experiment no. – sonar session no.” for brevity. Thresholds for sessions in 

which a response was not observed were censored using the maximum acoustic dose or 

minimum distance as a boundary. 

Exposure 

session 

Feeding   

before  

session 

SPLmax 

(dB re 1Pa)  

SELcum  

(dB re 1Pa
2 
s)  

S/N 

(dB) 
Distance  

(m) 

threshold max threshold max threshold max threshold min 

avoid feed   avoid feed   avoid feed   avoid feed   

1-1 N 102 

 

164 97 

 

171 17 

 

63 1389 

 

998 

1-2 N 

  

177 

  

181 

  

72 

  

62 

3-1 N 

  

174 

  

176 

  

75 

  

129 

3-2 N 

  

168 

  

173 

  

72 

  

417 

4-1 Y 

  

174 

  

178 

  

72 

  

161 

4-2
a)

 N 172 

 

175 174 

 

181 58 

 

69 304 

 

212 

5-1 N 132 

 

168 131 

 

174 48 

 

67 1681 

 

858 

6-1
b)

 Y 147 125 173 142 119 176 51 35 77 567 891 154 

7-1
c)

 Y 

 

164 175 

 

163 180 

 

65 70 

 

585 306 

7-2 Y 145 

 

172 141 

 

178 51 

 

75 1632 

 

469 

8-1 Y 

 

179 179 

 

179 179 

 

83 83 

 

208 208 

8-2 Y 

 

146 182 

 

142 184 

 

48 88 

 

1372 67 

9-1 N 143 

 

174 141 

 

180 49 

 

72 1095 

 

499 

9-2 Y 

  

174 

  

178 

  

73 

  

232 

10-1
a)

 N 135 

 

173 130 

 

179 49 

 

68 1383 

 

348 

10-2 N 

  

176 

  

179 

  

70 

  

237 

11-1
b)

 Y 165 165 172 160 160 177 58 58 78 795 805 400 

11-2 N 127 

 

173 122 

 

177 39 

 

74 995 

 

322 

a) Avoidance response was only detectable in fine-scale tracks (see Chapter 2). 

b) Onset of avoidance response identified to be slightly later than reported in Sivle et al. (2015). 

c) Data of the non-focal whale was used as the focal whale was not feeding.  
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Table 3.3. Prior probability distributions for all variables in the Bayesian models. Lower 

and upper limits are reported for uniform distributions (Unif) and mean and s.d. are 

reported for normal distributions (N). Parameter values in the model for distance are in 

units of kilometres. Values for  in the models for SPLmax and SELcum are in dB re 1 

Pa and dB re 1 Pa
2
 s, respectively. All other values are in dB. RampUp1 and non-

feeding are the reference levels for session order and behavioural state, respectively. 

Humpback whale is the reference level for the fixed effects on species being killer 

whale (  ) and pilot whale (  ), respectively.  

Variable Description SPLmax SELcum S/N Distance 

  

mean response 

threshold for 

all whales 
                                                  

  

between-

animal s.d. in 

response 

thresholds 

                                             

  

within-animal 

s.d. in response 

thresholds 
                                             

   
effect of 

session order 
                                 

   

effect of 

behavioural 

state 
                                 

   
effect of 

species (1) 
                                 

   
effect of 

species (2) 
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Table 3.4. Estimated dose-response model parameters for the onset of avoidance and the 

cessation of feeding in response to sonar exposure, for models including  -terms. The 

effect of session order (reference level: sonar session 1) and effect of behavioural state 

(reference level: not feeding) were quantified by parameters    and   , respectively. 

The “Gibbs Variable Selection p-value” indicates the posterior statistical support for 

including the corresponding fixed effect  . Parameter values in the model for distance 

are in units of metres. Values for  in the models for SPLmax and SELcum are in dB re 1 

Pa and dB re 1 Pa
2
 s, respectively. All other values are in dB. 

Dose 

metric 

Model 

parameter 
Onset of avoidance Cessation of feeding 

 
 

Median 95% CI GVS p Median 95% CI GVS p 

SPLmax   128 109 150  177 152 198  

   30 22 35  28 17 35  

    29 26 31 0.05 12 15 9 0.08 

    65 60 70 0.02 
  

  

SELcum   125 106 147  176 150 198  

   31 23 35  29 19 35  

    31 29 34 0.05 10 14 7 0.08 

    67 62 72 0.02 
  

  

S/N   42 27 58  73 54 99  

   23 15 30  24 14 30  

    19 16 21 0.06 12 15 9 0.09 

    38 33 42 0.07 
  

  

Distance   988 608 1318  297 18 707  

   512 362 596  458 271 592  

    382 356 409 0.03 374 408 338 
a) 

    585 537 636 0.05 
  

  

 a) Model did not run with tuned GVS pseudo-prior  
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Table 3.5. Estimated dose-response model parameters for the onset of avoidance and the 

cessation of feeding in response to sonar exposure, for models excluding the  -terms 

but including within-animal variation in thresholds ( ). The estimated dose at which 

50% of the humpback whales was predicted to respond (p50) is also given. Parameter 

values in the model for distance are in units of metres. Values for  in the models for 

SPLmax and SELcum are in dB re 1 Pa and dB re 1 Pa
2
 s, respectively. All other values 

are in dB. 

Dose 

metric 

Model 

parameter 
Onset of avoidance Cessation of feeding 

 
 

Median 95% CI Median 95% CI 

SPLmax   180 156 199 178 151 199 

   16 1 33 18 1 34 

   31 23 35 26 12 34 

 p50 166 151 176 166 150 175 

SELcum   178 151 199 178 149 199 

   18 1 34 19 1 34 

   26 12 34 27 14 35 

 p50 168 148 179 167 146 178 

S/N   72 55 97 73 51 106 

   13 1 29 14 1 29 

   26 18 30 23 12 30 

 p50 71 56 86 71 52 92 

Distance   300 17 724 306 16 807 

   323 28 582 264 14 574 

   560 451 598 497 317 595 

 p50 578 427 842 528 352 879 
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Table 3.6. Estimated dose-response model parameters for the onset of avoidance in 

response to sonar exposure for the models with 3 cetacean species shown in Figure 

3.12. SPLmax was used as the dose metric. Independent models were fitted to all 

avoidance thresholds (1-2 kHz and 6-7 kHz sonar) and to avoidance thresholds 

observed during 1-2 kHz sonar sessions only, as humpbacks were not exposed to 6-7 

kHz sonar. The bottom rows list the estimates of the received SPLs at which 50% of the 

humpback whales (hw), killer whales (kw) or long-finned pilot whales (pw) were 

predicted to have started to respond (p50). 

 

Parameter 

3-Species model for LFAS and 

MFAS 
3-Species model for LFAS only 

Median 95% CI GVS p Median 95% CI GVS p 

  180 158 199  180 158 199  

  19 1 34  16 1 33  

  32 24 35  32 24 35  

   27 51 2 0.31 16 48 20 0.40 

   17 9 45 0.36 15 15 48 0.37 

p50,hw 166 153 175  167 154 175  

p50,kw 149 127 166  157 130 175  

p50,pw 173 160 182  174 157 184  
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Figure 3.1. Selection of a segment of background noise (blue dashed lines) used for the 

calculation of signal-to-noise ratio (S/N). The panels show the: (A) recorded acoustic 

pressure in the 1.3-2 kHz frequency band, and source level and duration of three 

transmitted sonar pulses; (B) spectrogram of the same recording, where the colour 

gradient indicates the power spectral density level (in dB re 1 Pa
2
 Hz

1
); (C) sound 

pressure level (SPL) in the 1.3-2 kHz band, with markers indicating in which time bins 

flow noise (red) or other noise (green) was the dominant contribution to the SPL; and 

(D) the depth of the whale and its speed through the water. In this example, the SPLmax 

was calculated from the sonar pulse starting at 20 s, but its S/N was based on the noise 

level of the subsequent sonar pulse due to the presence of flow noise. 

 

  A 

B 

C 

D 
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Figure 3.2. Selection of a segment of background noise (blue dashed lines) used for the 

calculation of signal-to-noise ratio (S/N). See the legend of Figure 3.1 for a full 

description of the data series that are plotted. The automatic method to separate flow 

noise from other noise (von Benda-Beckmann et al., 2016) was not used in this case 

because the DTAG had only one hydrophone. Visual inspection was used instead to 

ensure that the selected noise levels were not significantly affected by flow noise. In this 

example, the segment was dominated by reverberation caused by the previous pulse, 

and the S/N used was thus a signal-to-reverberation ratio.  
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Figure 3.3. Selection of a segment of background noise (blue dashed lines) used for the 

calculation of signal-to-noise ratio (S/N). See the legend of Figure 3.1 for a full 

description of the data series that are plotted. In this example, the relative contribution 

of flow noise was low but visual and aural inspection of the recording showed that 

vessel noise dominated the background noise just prior to the pulse. 
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Figure 3.4. Prior dose response functions for all dose metrics. For each panel, the 

median is represented by the solid line and the 95% credible intervals (CIs) are 

indicated by the dashed lines. 
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Figure 3.5. (A-C) Correlations between the different dose metrics and (D) the 

correlation between the SPLmax of the sonar signal and the ambient noise level when the 

signal was received. Markers indicate the observed response thresholds (y) of the 

whales. Pearson’s correlation coefficient r is shown in each panel. 

 

 

  

A 

C 

B 

D 
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Figure 3.6. Doses of sound or source distance to which the whales were exposed. Grey 

lines show the range where a response was not identified and black lines show the range 

beyond the observed response. Blue circles and red squares correspond to the observed 

response thresholds (y) for onset of avoidance and cessation of feeding, respectively. 
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Figure 3.7. (columns on the left) Kernel smoothed density estimates of the prior (grey) 

and posterior (black) probability distributions for the estimated parameters in the full 

SPLmax model for onset of avoidance. (columns on the right) Trace plots of the two 

MCMC chains (black and red) for the same model. The gamma parameters indicate the 

level of support in the data for including the corresponding beta terms (1 or 2), which 

were used to obtain the “GVS p-value”, i.e. the proportion of posterior samples in which 

the parameter takes the value 1. The prior on each gamma parameter was a Bernoulli 

distribution with success probability 0.5. 
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Figure 3.8. The evolution of the Brooks-Gelman-Rubin statistic  ̂ (or, “shrink factor”) 

as the number of MCMC iterations increased ( ̂ values of <1.05 indicate convergence 

of the chains) for the same model as in Fig. 3.7. Similarly quick convergence was 

obtained for the other models.
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Figure 3.9. Context-specific dose-response curves for the onset of avoidance by 

humpback whales in response to sonar exposure. The four panels correspond to animals 

in a (A) non-feeding state during sonar session 1, (B) non-feeding state during sonar 

session 2, (C) feeding state during sonar session 1 and (D) feeding state during sonar 

session 2. Solid lines are median posterior dose-response curves and dashed lines 

indicate their 95% CIs. The posterior median and 95% CI of the estimated p50 (i.e. the 

dose at which the model predicts that 50% of animals have started to avoid) is shown in 

the top left corners. The raw data are shown in the bottom of the panel (circles: 

observed response thresholds; triangles: maximum doses of the sessions in which a 

response was not observed). 

 

  

A B

C D 



 3-128 

Figure 3.10. Dose-response curves for exposures of 1.3-2 kHz sonar signals to 

humpback whales for the dose metrics analysed, calculated from the null models (i.e. 

the models without beta terms but including a random effect for within-animal 

variation). Blue and red curves correspond to the onset of avoidance and cessation of 

feeding, respectively. Solid lines are medians and dashed lines indicate 95% CIs. The 

raw data are shown in the bottom of the panel (circles: observed response thresholds; 

triangles: maximum dose of the sessions in which a response was not observed). 
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Figure 3.11. Dose-response curves for humpback whales exposed to naval sonar, 

obtained using recurrent event survival analysis (Harris et al., 2015; black; all response 

types) and the Bayesian model detailed in ‘Methods - Fitting the dose-response 

functions’ (blue: onset of avoidance; red: cessation of feeding). Dashed lines indicate 

95% CIs. Both methods were applied to data from the same dose-escalation 

experiments, but the data set used in the survival analysis contained thresholds for 

additional types of response such as changes in dive behaviour and changes in group 

size. The black curve is valid for response severities 4 to 6 (Southall et al., 2007); all 

thresholds underlying the Bayesian model fell within this category (Sivle et al., 2015).  
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Figure 3.12. Median posterior dose-response curves and 95% CIs for avoidance 

responses of humpback (this chapter), killer whales (Miller et al., 2014) and long-finned 

pilot whales (Antunes et al., 2014) in response to exposures of (A) both 1-2 and 6-7 kHz 

signals and (B) 1-2 kHz signals only. (C) Visual comparison of the curves shown in 

panel A with the published curves from an observational study: Moretti et al. (2014) for 

cessation of foraging clicks in response to predominantly 3-4.5 kHz signals in 

Blainville’s beaked whales, and from three laboratory studies: Kastelein et al. (2012) for 

brief changes in orientation and speed in a harbour porpoise (solid line: 6-7 kHz sweeps, 

dashed line: 1-2 kHz sweeps, dashed-dotted line: 1-2 kHz sweeps with harmonics) and 

Houser et al. (2013a, 2013b) for various types of behavioural response to 3.3-3.5 kHz 

signals in California sea lions (solid line: 1-29 years of age, dashed line: 3-29 years of 

age) and bottlenose dolphins (solid line: trial #1, dashed line: trial #10). 

 

 

  

A B 

C 
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  Chapter 4

Auditory weighting functions based on behavioural 

reaction times of a harbour porpoise 

 

SUMMARY 

Loudness perception by human infants and animals can be studied under the assumption 

that sounds of equal loudness elicit equal behavioural reaction times (RTs). Therefore, 

frequency weighting functions based upon equal-reaction time contours may be useful 

for improving noise exposure criteria for marine mammals. To test the feasibility of this 

approach, simple RTs of a trained harbour porpoise to narrowband tonal signals were 

measured using a behavioural method and an RT sensor based on infrared light. Equal 

latency contours, which connect equal RTs across signal frequencies, for reference 

values of 150, 160, 170, 180, 190 and 200 ms were derived from median RTs to 1-s 

signals with sound pressure levels (SPLs) of 59–168 dB re 1 Pa and centre frequencies 

of 0.5, 1, 2, 4, 16, 31.5, 63, 80 and 125 kHz. The equal latency contours roughly 

paralleled the hearing threshold at relatively low sensation levels (i.e. higher RTs). 

Differences in shape between the audiogram and equal latency contours were more 

pronounced at higher levels (i.e. lower RTs); a flattening of the contours occurred for 

frequencies below 63 kHz. Relationships of the equal latency contour levels with the 

audiogram were used to create smoothed functions assumed to be representative of 

equal loudness contours and auditory weighting functions were derived from these 

smoothed functions. A function with a relatively steep low frequency roll-off (45-49 

dB/decade) agreed most closely with behavioural response onset thresholds for captive 

and wild harbour porpoises, while the limited data on onset of temporary threshold shift 

(TTS) that are currently available for harbour porpoises tentatively suggested better 

correspondence to a contour with a shallower low frequency roll-off (32-37 dB/decade).  

Finally, the weighting functions were compared to published information on the sound 

levels needed to elicit TTS and behavioural responses in captive and wild harbour 

porpoises. 
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INTRODUCTION 

Sound exposure guidelines for anthropogenic noise exposure to marine mammals often 

contain some form of frequency-selective weighting according to the perception of the 

target species, so that single acoustic risk thresholds apply to many sounds irrespective 

of their frequency spectra. Weighted risk thresholds in sound exposure guidelines have 

been obtained using auditory weighting functions based on the audiogram (e.g. Nedwell 

et al., 2006; Verboom and Kastelein, 2005) or the approximate frequency bandwidth of 

hearing (M-weighting) (Southall et al., 2007), but these two methods often produce very 

different weighted levels (e.g. De Jong and Ainslie, 2008). For humans, weighted 

thresholds are generally obtained using weighting functions derived from equal 

loudness contours, e.g. the A- and C-weighting functions (Kinsler et al., 2000).  

 

Equal loudness contours present the relationship between the received sound pressure 

level (SPL) and the perceived loudness across frequency (Fletcher and Munson, 1933; 

Suzuki and Takeshima, 2004). Finneran and Schlundt (2011) directly measured the 

equal loudness contours of a bottlenose dolphin (Tursiops truncatus). The dolphin was 

presented with a test tone and a reference tone in each trial, and was trained to indicate 

whether the test tone was louder or softer than the reference tone. It was difficult to 

convey the complex task to the dolphin, and thousands of trials had to be completed 

before the equal loudness contours were obtained. The three equal loudness contours 

were comparable in shape to the animal’s audiogram, and became somewhat shallower 

as loudness increased, as expected from human equal loudness contours. An auditory 

weighting function derived from one of the contours closely agreed with the temporary 

threshold shift (TTS) onset thresholds of two bottlenose dolphins (Finneran and 

Schlundt, 2013). 

 

Perceived loudness is a subjective descriptor of sound that is difficult to quantify in 

animals. It is more practical to measure simple reaction time (RT; or response latency) 

to a sound, which correlates with loudness (for review: Luce, 1986; Marks and 

Florentine, 2011). Simple RT is defined as the time that elapses between the onset of a 

stimulus and the initiation of a response, when only one type of response is possible. In 
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humans, a strong correlation between RT and perceived loudness has been demonstrated 

by loudness comparison tests with pure tones (Buus et al., 1982; Kohfeld et al., 1981) 

and 1/3-octave bands (Humes and Ahlstrom, 1984), and by exploiting temporal and 

spectral loudness effects, such as loudness recalibration (Arieh and Marks, 2003), 

softness imperfection (Florentine et al., 2004), and spectral summation of loudness 

(Wagner et al., 2004). Equal latency contours, which describe the frequency-dependent 

relationships between SPL and RT, are similar in shape to equal loudness contours in 

humans (Marshall and Brandt, 1980; Pfingst et al., 1975a).  

 

In animals, equal latency contours have been obtained for the crab-eating macaque 

(Macaca irus) (Stebbins, 1966), common squirrel monkey (Saimiri sciureus) (Green, 

1975), rhesus macaque (Macaca mulatta) (Pfingst et al., 1975a, 1975b), house finch 

(Carpodacus mexicanus) (Dooling et al., 1978), and domestic cat (Felis catus) (May et 

al., 2009); preliminary equal latency data have been obtained for the harbour seal 

(Phoca vitulina) (Kastelein et al., 2011b) and California sea lion (Zalophus 

californianus) and bottlenose dolphin (Tursiops truncatus) (Mulsow and Finneran, 

2013; Ridgway and Carder, 2000). The equal latency contours of the animals tested to 

date are similar to the equal loudness contours of humans and the bottlenose dolphin, 

which suggests that RTs are also related to perceived loudness in other animals. Hence, 

frequency weighting based on equal latency may be a relatively time-efficient 

alternative to frequency weighting based on equal loudness, for all marine mammal 

species that can be trained with behavioural methods. 

 

In this thesis chapter, underwater equal latency contours were measured in a harbour 

porpoise, Phocoena phocoena responding behaviourally to narrowband frequency-

modulated (FM) sound signals with a wide range of centre frequencies and SPLs. Based 

on the results, relationships between the equal latency contours and the audiogram of 

the porpoise were determined to create smoothed functions that are assumed to be 

representative of the equal loudness contours of the animal. The smoothed functions 

were then used to derive a family of auditory weighting functions for the harbour 

porpoise that can be used to predict perceived levels and correlated effects of noise. 

Finally, the weighting functions were compared to published information on the sound 
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levels needed to elicit TTS and behavioural responses in captive and wild harbour 

porpoises. 

 

METHODS 

Test facility and study subject 

The subject was a male harbour porpoise (Jerry; ID 02) that had been rehabilitated after 

being stranded at the age of about 21 months. The porpoise was well trained and had 

participated in a number of psychoacoustic studies, including recent studies on 

temporary threshold shift (Kastelein et al., 2012a, 2014, 2015b). Veterinary records of 

the animal showed no exposure to ototoxic medication. The porpoise’s body condition 

(body mass, length, girth and blubber thickness) was checked once a week to ensure 

that he was healthy and at his target body mass. This study was conducted in 2011 and 

2012, during which the animal aged from 6 to 7 years, weighed 39 kg, his body length 

was 145 cm, and his girth at axilla was 73 cm. The animal received about 2 kg of 

thawed fish per day and was fed four times a day, in general during research sessions.  

 

Test sessions were conducted at the SEAMARCO Research Institute, the Netherlands; a 

facility for psychophysical research located in a remote and quiet area. The test sessions 

were performed in an indoor test pool (8 m × 7 m, 2 m deep; Fig. 4.1) that was part of 

the porpoise’s own pool complex. To absorb sound energy from reflections, the walls 

were covered with 3 cm thick coconut mats with their fibres embedded in 4 mm thick 

rubber (most effective at >25 kHz), and the bottom of the pool was covered with a 20 

cm thick layer of sloping sand on which aquatic vegetation grew. 

 

The water temperature during the study varied between 14 and 18C, and the salinity 

was around 34‰. The water pumps and air pumps for the research pool and 

neighbouring pools were shut off 15 minutes before test sessions commenced. By the 

time a session had started, little to no water flowed over the skimmers and through the 

pipes, reducing the influence of flow noise on the background noise level. Information 

on the water circulation and aeration systems can be found elsewhere (Kastelein et al., 

2009).  
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To avoid distracting the animal, nobody was allowed to move within 15 m of the 

research pool during sessions. The signal operator and the equipment used to produce 

the sound signals were out of sight of the animal at the listening station, in a research 

cabin next to the indoor pool (Fig. 4.1). The listening station was at the end of a 32-mm 

diameter water-filled polyvinyl chloride tube, 1 m below the water surface (i.e. mid-

water). 

 

Sound stimuli 

The sound stimuli were narrowband sinusoidal FM signals with centre frequencies of 

0.5, 1, 2, 4, 16, 31.5, 63, 80 and 125 kHz. The signals were created digitally in MATLAB 

(version 7.5; The Mathworks, Natick, MA, USA) using the FM synthesis equation 

(Chowning, 1973). The frequency deviation was 2% of the centre frequency, and the 

modulation frequency was 100 Hz. Therefore, for example, when the centre frequency 

was 1 kHz, the actual frequency of the signal fluctuated 100 times per second between 

0.99 and 1.01 kHz. FM stimuli were used because in small, reverberant pools such 

signals produce a more uniform sound field with fewer standing waves than pure tones 

(Finneran and Schlundt, 2007). The duration of the test signal was always 1 s. Each 

signal was cosine-tapered to create a 50 ms ramp on either side of the waveform (10% 

Tukey window), in order to prevent onset and offset clicks and reduce the probability of 

eliciting startle reflexes (rise time is positively related to startle reflex thresholds in 

mammals; Fleshler, 1965; Götz and Janik, 2011). 

 

The sound pressure level (SPL) of the stimuli received by the porpoise while at the 

listening station ranged from 59 to 168 dB re 1 Pa (depending on the frequency), and 

test levels were spaced 10 dB apart. The minimum test level varied across frequencies 

from 3 to 22 dB in terms of sensation level (SnL; sensu Ellison et al., 2012). Sensation 

level is defined here as the number of dBs above the subject’s 50% detection hearing 

threshold for 900 ms tonal signals, which was measured 2-3 years earlier by Kastelein et 

al. (2010) in this harbour porpoise. The maximum test levels were determined a priori 

based on two criteria: 1) signals could not induce hearing threshold shift in the animal 

or cause adverse behavioural responses (e.g. hesitation to approach the listening station 
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after a trial with a high level), and 2) the SPL of any given harmonic had to be at least 

30 dB below the SPL of the fundamental frequency.  

 

Acoustic equipment 

The equipment used to generate and transmit the sounds, record the electrical signals 

from the reaction time sensor (see ‘Reaction time measurements’, below), and monitor 

the animal’s behaviour and the underwater sound field, is shown in Fig. 4.2. The digital 

sound signals (sample rate: 1 MHz) were converted to analog signals using a 16-bit data 

acquisition (DAQ) device (National Instruments USB-6251 BNC, Austin, TX, USA) 

connected to a laptop computer. To increase the dynamic range of the transmission 

system, the electric output of the DAQ card went through a custom-built digitally-

controlled attenuator (AS 2009-01, Smink, Harderwijk, the Netherlands) before going to 

the projector. The attenuator also functioned as a low-pass reconstruction filter. 

 

Four projectors were used to transmit the signals into the water (Fig. 4.2). The 0.5-2 

kHz signals were first fed into an audio power amplifier (Vellerman HQ VPA2450MB, 

Gent, Belgium) and then transmitted by a high-power piezoelectric projector [Lubell 

Labs (LL) 1424HP, Columbus, OH, USA] driven by an isolation transformer (LL 

AC1424HP). This projector was also used to transmit 4-kHz signals of SnLs ≥ 48 dB, 

but in other sessions, only 4-kHz signals of SnLs ≤ 58 dB were transmitted unamplified 

and with a balanced tonpilz piezoelectric projector (LL 916) driven by an isolation 

transformer (LL AC202). The 16-63 kHz signals were transmitted by a cylindrical 

piezoelectric projector (International Transducer Corporation 6084, Santa Barbara, CA, 

USA). The 80-125 kHz signals were transmitted by a custom-built discoid piezoelectric 

projector (WAU q7b, Honolulu, HI, USA; for more details, see Kastelein et al., 2009). 

 

To minimize temporal and spatial variations in the underwater sound field caused by 

multi-path arrivals, all projectors except the LL 1424HP were placed in a corner of the 

pool in a protective wooden box (Fig. 4.1), which was lined with rubber with an 

irregular surface. These projectors were 2 m from the porpoise’s external auditory 

meatus while the animal was at the listening station. The high-power LL 1424HP did 

not fit in the protective box, so this projector was hung in front of the box by ropes 
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attached to its stainless steel cage, at 1.2 m from the porpoise’s external auditory meatus 

(Fig. 4.1). The directional WAU q7b projector was positioned so that the acoustic beam 

axis pointed at the centre of the porpoise’s head. A baffle board with a 30-cm diameter 

hole was placed halfway between the projector and the animal to reduce reflections 

from the bottom of the pool and the water surface reaching the listening station. The 

board was made of 2.4 m high, 1.2 m wide, 4 cm thick plywood, covered with a 2 cm 

thick closed-cell rubber mat on the side facing the projector.  

 

The output of the sound system was checked before every session with a digital storage 

oscilloscope (Voltcraft 632FG, Hirschau, Germany) and a voltmeter (Hewlett Packard 

3478A, Palo Alto, CA, USA), by playing a signal with a known root-mean square 

(RMS) voltage from the computer. The test signals and background noise in the water 

were monitored using the same oscilloscope and voltmeter. Before and during sessions, 

the system was further verified by listening to the underwater sound via a monitoring 

hydrophone (Labforce 1 90.02.01, Gouda, the Netherlands) positioned next to the hole 

in the baffle board. The output of the monitoring hydrophone was fed into either a 

charge amplifier [Bruel & Kjær (B&K) 2635, Nærum, Denmark] and amplified 

loudspeaker, or a modified ultrasound detector (Batbox III, Steyning, UK).  

 

Response measurement system 

An optical sensor system to measure the animal’s responses was designed and built for 

this study. The reaction time sensor’s electronic circuit consisted of an infrared detector 

integrated circuit (Sharp IS471FE, Osaka, Japan) connected to a 319 THz narrow-beam 

infrared light emitting diode (LED). The intensity of the infrared light was modulated 

(38 kHz frequency) by the integrated circuit, making the detector impervious to 

disturbing external light. The electronic components were embedded in transparent 

polyurethane epoxy, inside two bracket-shaped polyvinyl chloride pipes (see Figs. 4.1B 

and 4.3). The infrared emitter and detector were placed directly above and below the tip 

of the listening station, respectively, spaced 13 cm apart, and facing each other. The tip 

of the listening station reached just inside the effective optical beam, which was about 8 

mm in diameter at that location. The sensor indicated ‘presence’ when the infrared light 

was blocked by the porpoise’s rostrum (when the beam was broken), and ‘absence’ 
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when the porpoise’s rostrum was outside the optical beam. Significant effort was put 

into fine-tuning the dimensions so the interval between the start of the response and the 

moment that the sensor indicated ‘absence’ (i.e. the motor component of the response) 

was minimal, without false detections. The sensor was cleaned daily to prevent algal 

growth that would have influenced the measurements. 

 

The reaction time sensor communicated via binary electrical signals with the DAQ 

device, which was controlled by a custom-written MATLAB program. The program 

allowed the operator during research sessions to set the stimulus level and measure the 

animal’s RT [defined here as the interval between the trigger of the test signal (which 

was loaded into the computer memory before triggering) and the moment the animal 

moved out of the optical beam]. The output of the sensors was sampled real-time at a 

rate of 125 Hz (8 ms resolution). This rate was the maximum rate possible to achieve 

stable sampling, which was verified before each research session by simulation of a test 

trial. 

 

A second 319 THz infrared LED in the top sensor bracket allowed the signal operator to 

check whether the reaction time sensor was working correctly. The LED was switched 

on automatically when the animal was present, and was captured by an underwater 

camera (Mariscope Micro, Puerto Montt, Chile) filming the listening station from above 

(Fig. 4.1). The underwater camera made the infrared light visible on the monitor image. 

The images from the camera, together with the sound from a microphone inside the 

research cabin, were digitized by using a video analog-to-digital converter (Geniatech 

EZ Grabber, Shenzhen, China) and shown on a laptop screen to the signal operator 

during research sessions. The images were also visible to the trainer on a monitor near 

the start/response buoy.  

 

Calibration of sound stimuli 

The sound calibration equipment consisted of two hydrophones (B&K 8106) with a 

multichannel high frequency analyser (B&K PULSE 3560 D), and a laptop computer 

with B&K PULSE software (Labshop version 12.1). The system was calibrated with a 

pistonphone (B&K 4223). The received SPL of each test signal was derived from the 
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90% energy flux density, divided by the corresponding 90% time duration (Madsen, 

2005).  

 

The background noise levels were measured multiple times, under research session 

conditions: water and air circulation system off, no rain, and wind force Beaufort 4 or 

below. 1/3-Octave band SPLs of the background noise were determined by averaging 

the squared sound pressure in the 100 Hz to 160 kHz bands over a period of 10 s. 

During calibration measurements the background noise in the pool was very low; above 

3.5 kHz it was just above the self-noise of the recording equipment.  

 

The received SPL of each test signal was measured once or twice (depending on the 

frequency). These measurements were conducted using the two hydrophones, one at 

each location of the auditory meatus of the porpoise when he was positioned at the 

listening station. The SPL at the two locations differed by 0-7 dB (mean absolute 

difference 3 dB). After averaging of the SPL over the two hydrophone locations, the 

difference in average SPL between measurement days was 1-3 dB (depending on the 

frequency). The final calibration value was taken as the grand mean over the 

hydrophone locations and measurement days.  

 

Received SPLs were calibrated using relative output levels of 60-100 dB. The linearity 

of the transmitter system was checked at 0.5, 1, and 4 kHz; it was consistent to 1 dB 

within the 40 dB range. 

 

Experimental procedure 

A trial began when the porpoise touched the start/response buoy with his rostrum. When 

the trainer gave a vocal command and pointed downwards, the porpoise swam to the 

listening station (Fig. 4.4A) and positioned his rostrum against it, so that his anterior-

posterior axis was aligned with the acoustic beam axis of the projector (Fig. 4.4B). 

Using the images from the underwater camera, the trainer judged whether or not the 

animal was positioned correctly. If he was, the trial would continue; if he was not, the 

trainer knocked on the start/response buoy, the porpoise returned to the buoy, and the 

trainer sent him straight back to the listening station. Once positioned at the listening 
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station, the porpoise was trained to respond (Fig. 4.4C) upon detecting either the test 

stimulus or the trainer’s whistle by returning to the start/response buoy (Fig. 4.4D), and 

to stay at the listening station until he heard a signal. 

 

Research sessions consisted of 75% signal-present trials and 25% signal-absent (or 

‘catch’) trials. In all trials the porpoise waited at the listening station for a random 

period between 4 and 10 s. In signal-present trials, the signal operator played the test 

signal from the custom-written MATLAB program after the random waiting time. When 

the sound was being transmitted, a video distorter produced horizontal lines in the video 

image (Fig. 4.4C), which helped the operator to determine whether or not the porpoise 

had responded to the test sound. If the animal responded within 2 s of signal onset, the 

operator indicated to the trainer that the response was correct using a hand gesture, after 

which the trainer gave the porpoise a fish reward. If the animal did not respond within 2 

s, the operator signalled to the trainer that the trial had ended. The trainer then called the 

porpoise back to the start/response buoy by softly tapping three times on the side of the 

pool, and no fish reward was given. In signal-absent trials, the porpoise stationed, and 

after the random waiting time the operator gestured to the trainer to either blow on a 

whistle or to softly tap three times on the side of the pool (in relative proportions of 

1:1). For returning to the start/response buoy directly after a whistle, the animal also 

received a fish reward. The trainer did not know beforehand whether a trial was a 

signal-present or signal-absent trial. 

 

If the animal responded before a signal was produced (pre-stimulus response), the signal 

operator indicated this to the trainer who then ignored the animal for about 10 s before 

starting a new trial. Pre-stimulus responses were ignored when they were clearly 

initiated by external sounds; sessions continued as soon as the sound had stopped.  

 

An experimental session consisted of 30-35 trials and lasted for about 20 min. For each 

session, one of four data collection sheets was used; each sheet had a random series of 

waiting times and a balanced number of trials per signal level. The signal levels were 

randomized, with the restriction that the level difference between successive trials was 

not more than 30 dB (sensu Wagner et al., 2004).  
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Research sessions were conducted in May to July 2011 and in August and September 

2012. Three experimental sessions per day were conducted five days a week in 2011 

(sessions started at 0900, 1100, and 1400 h), and one extra session was performed daily 

in 2012 (starting at 1600 h). In 2011, test frequencies ranged from 4 to 125 kHz, and on 

average 39 RT measurements were collected per level/frequency combination. The test 

frequency was changed from day to day and adjacent frequencies were usually tested on 

successive days (going from high to low and from low to high frequencies). In 2012, 

RTs for frequencies of 0.5, 1, and 2 kHz were also measured, and the existing datasets 

for other frequencies were increased until at least 50 RT measurements per 

level/frequency combination were available to calculate the equal latency contours. 

 

Data processing and analysis 

Medians were calculated rather than means, because the distributions of RTs, especially 

for levels near the hearing threshold, were often skewed. The relationship between mean 

or median RT and stimulus intensity has been described by a decaying power law 

approaching an asymptote at high intensities (Luce, 1986; Piéron, 1920). Initial fits of 

this three-parameter model, known as Piéron’s law, to the median RTs of the porpoise 

provided reasonable approximations to the data. However, the estimate of the 

asymptotic parameter, which is suggested to reflect a minimum processing time and 

motor component (Luce and Green, 1972), was unstable and often became negative. 

Therefore, a two-parameter power law was fitted to the median RTs (in ms) for each test 

frequency: 

 

 
  )/(RT 0II , (4.1) 

 

where I/I0 is the ratio of the intensity of the test stimulus (I) to the intensity of a stimulus 

at threshold (10) (calculated using I/I0 = 10
SnL/10

), exponent  is the slope on a log-log 

scale, and  is the y-intercept (equal to the RT at SnL = 0 dB).  This two-parameter 

function was less sensitive to variation in the median RT and gave similar results in 

terms of goodness of fit as Piéron’s law. All fits of the auditory RT functions were made 

using a non-linear method (Trust Region algorithm) in MATLAB. 
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For levels near the hearing threshold, statistical measures of RT are affected by the 

animal’s response criterion, i.e. the animal’s tendency to give a positive or negative 

response (Heil et al., 2006), and relatively long RTs often occur that result in deviation 

from simple power law behaviour (Pins and Bonnet, 2000; Stebbins and Miller, 1964; 

Wagner et al., 2004). Therefore, one or two median RTs (depending on the frequency) 

to low intensity signals (SnL < 30 dB) were omitted when this substantially improved 

the model fits (omitted data are shown in Fig. 4.5). Finally, the best-fitting auditory RT 

models were evaluated at reference RTs of 150, 160, 170, 180, 190, and 200 ms to 

determine the SnLs (and, hence, the SPLs) of the equal latency contours (labelled I-VI, 

respectively). These reference values were selected because, except for one data point at 

16 kHz, the SPLs of the six contours always fell within the range of tested levels. 

 

To derive six auditory weighting functions from the equal latency contours, the data sets 

were adapted and smoothed using the shape of the animal’s own audiogram as a 

template. The rationale behind this approach was as follows: 1) smoothing was justified 

because the range of RTs was small, and weighting functions are generally idealized 

curves, 2) the audiogram of the subject had been determined very accurately, and was 

similar to that of two other harbour porpoises over most of the hearing range (Andersen, 

1970; Kastelein et al., 2002; Kastelein et al., 2010); 3) the equal loudness contours and 

audiogram were expected to have similar shapes but to have different low frequency 

roll-off rates; and 4) the equal latency and equal loudness contours were expected to 

have similar shapes, except possibly at very high frequencies.  

  

Each smoothed contour (Llat) was a transformation of the hearing threshold (Lht): 

  

   )()( htlat fLfL , (4.2) 

 

where f is a vector of test frequencies, and  and  are a scaling and translation 

parameter, respectively. The root-mean-square error (RMSE) between the SPLs of the 

equal latency contour and the SPLs of the transformed hearing threshold was calculated 

for combinations of  and  using a simple iterative algorithm. The RMSE indicated the 
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similarity between the two curves; the minimum RMSE determined the combination of 

 and  that corresponded to the best-fitting function (the ‘smoothed’ contour). This 

process was repeated five times for each of the six contours to investigate the influence 

of the high frequency data on the similarity; once with the full data set (all frequencies) 

and four times with part of the data set (<31.5 kHz, <63 kHz, <80 kHz, and <125 kHz).  

 

Exclusions of high frequency data did not have clear effects on the similarity between 

the unsmoothed and smoothed versions of contours V and VI; the smallest RMSE was 

~5 dB for contour V and ~6 dB for contour VI, independent of the range of frequencies 

included (Table 4.1). However, the similarity between the unsmoothed and smoothed 

versions of contours I-IV increased significantly after the exclusion of high frequency 

data (Table 4.1), and the best results (smallest RMSEs) were obtained when 63, 80, and 

125 kHz were omitted. The decreased similarity was suspected to be due to a weak RT-

loudness correlation (see Discussion), so only the smoothed 0.5-31.5 kHz data sets were 

used in further analyses. For these data sets, the best-fit estimates were: for parameter  

were: 0.610, 0.721, 0.825, 0.924, 1.016 and 1.104 dB/dB, and for parameter   were: 

103.77, 85.94, 69.22, 53.39, 38.52 and 24.37 dB, for contours I-VI, respectively. 

 

The smoothed contour data sets were extended with frequencies of 0.25, 8, and 50-150 

kHz by using the porpoise’s own hearing thresholds for these frequencies (Table 4.2) 

(Kastelein et al., 2010) in the calculated contour/threshold relationships (Eqn 4.2). This 

resulted in a family of six hypothetical equal loudness contours. A closed-form model 

was fitted to each of these contours: 

 

  
  










xxxx

xx

fbfa

fb
KfL 101loud log20 , (4.3) 

 

where Lloud is the SPL of the equal loudness contour in dB re 1 Pa, f is the frequency in 

Hz, and K1, a, b, and x are parameters that determine the shape of the function. The 

mathematical form of the C- and M-weightings (Kinsler, 2000; Southall et al., 2007) 

also used by Finneran and Schlundt (2011) is a special case of Eqn 4.3 where x is 2. 

Here, parameter x was fitted as a free parameter to allow the roll-off rate to vary. 
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Parameters a and b in Eqn 4.3 represent the lower and upper frequency where the level 

is 6 dB above the minimum of the curve, respectively. Parameter b was set to 10
9
 Hz so 

that the high frequency roll-off was effectively non-existent within the frequency range 

of hearing.   

  

The best-fitting functions of Eqn 4.3 were normalized to 0 dB at the most sensitive 

frequency and inverted to obtain the auditory weighting functions, which then take the 

form: 

 

 
  










xxxx

xx

fbfa

fb
KfW 102 log20)( , (4.4) 

 

where W(f) is the weighting level in dB, a, b, and x are as in Eqn 4.3, and K2 is a vertical 

offset that results from the normalization of the contours (K2 = min{Lloud} – K1). 

 

Comparison of contours with TTS onset and behavioural response onset 

thresholds 

To get an indication of which of the weighting functions is the most relevant for 

predicting the onset of behavioural responses and temporary hearing loss, the 

hypothetical equal loudness contours were compared to two data sets derived from the 

literature. The results of this exploratory analysis are preliminary as it is based on a very 

small data set. The data sets used are listed below:    

 

1. TTS onset thresholds of a harbour porpoise after exposure to 1-2 kHz or 6-7 

kHz sonar signals (Kastelein et al., 2014, 2015b) or octave-band noise centred 

at 4 kHz (Kastelein et al., 2012a). A TTS onset threshold was defined as the 

SELcum of the exposure sound that is needed to induce a 6 dB threshold shift 

when hearing is measured within 4 minutes after exposure (Finneran, 2015). 

The onset thresholds were averages based on different combinations of SPL, 

duty cycle and exposure duration. Two subsets were created from the sonar 

data, for 10% and 100% duty cycles respectively, as this parameter was shown 

to have a strong effect on the magnitude of the induced TTS (Kastelein et al., 
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2014). The study subject (ID 02) in the three TTS studies was the same as in the 

present study. Data from other studies on TTS in porpoises were excluded from 

the analysis because they either only induced higher levels of TTS (>20 dB) 

immediately after exposure (Popov et al., 2011) or used a very different type of 

exposure signal; that is, a single seismic airgun shot with a relatively broad 

frequency spectrum (Lucke et al., 2009).  

 

2. Behavioural response thresholds of free-ranging and captive harbour porpoises 

in response to various types of signals. Tougaard et al. (2015) derived onset 

thresholds for avoidance behaviour from 10 published field studies in which 

harbour porpoises were exposed to pingers, seal scarers or pile driving sounds. 

To make the data comparable across studies, the authors specified the onset 

thresholds in terms of Leq-fast, which is equivalent to a “fast-average” SPL with a 

RMS averaging time of 125 ms. These thresholds were taken from table 1 in 

Tougaard et al. (2015) and combined with behavioural response thresholds for 

harbour porpoises derived from captive studies. Specifically, Kastelein et al. 

(2005b; 2008a; 2008b) used the average animal swimming location and the 

sound gradient in the floating pen to determine avoidance (or, “discomfort”) 

thresholds in response to pure tones and underwater communication signals; 

Kastelein et al. (2012b; 2013b) measured the proportion of occurrence of brief 

changes in speed and/or direction (described in the earlier study as “startle 

responses”) in response to sonar signals in the 1-7 kHz frequency band; and 

Kastelein et al. (2015a) measured increases in respiration rate and increases in 

swimming speed in response to 25 kHz sonar signals. To enable comparison 

with the field data, these response thresholds from captive studies were 

specified in terms of Leq-fast (see Table 4.3 for more details on the captive data).  

  

The six contours were independently fitted to both the TTS onset and behavioural 

response data sets described above. There are indications that lower amounts of SELcum 

are needed to induce TTS using exposures to band noise signals compared to exposures 

to tonal signals, which are usually of relatively low SPL and long duration (Finneran, 

2015). The contours were therefore also fitted to a data set that did not include the 
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thresholds for 4 kHz octave-band noise. For frequencies >20 kHz, the behavioural 

response data showed unusually large variation over a range of ~60 dB and divergence 

was observed between the thresholds from captive and free-range studies. One possible 

explanation for this increased variation is that the hearing of porpoises becomes 

increasingly more directional towards these higher frequencies (Kastelein et al., 2005a). 

As the low frequency roll-off rates of the curves were eventually of most interest, data 

for frequencies >20 kHz were excluded from the fit.  

 

In the fitting process, the shape of the contour was maintained and only the vertical 

offset of the contour was allowed to vary. Thus, only parameter K1 in Eqn 4.3 was re-

estimated and the shape parameters a, b and x were fixed at the values derived from 

fitting the equal-latency data. Goodness-of-fit measures r
2
 and RMSE were used to 

quantify the correspondence between the vertically offset contours and the TTS onset or 

behaviour response onset data. 

 

To visualise the effect of wind-driven ambient noise on the detection of signals by 

harbour porpoises, the frequency-specific noise-limited theoretical detection threshold 

(DT; in dB re 1 Pa; Ellison et al., 2012) was calculated for 6 sea states: 

 

 DT( f ) = NL( f ) + CR( f )  DI( f ), (4.5) 

 

where NL is the power spectrum density level (in dB re 1 Pa
2
 Hz

-1
) of the noise given 

a sea state, based on Knudsen (1948), CR is the critical ratio (in dB re 1 Hz) for the 

harbour porpoise (Kastelein et al., 2009), and DI is the receiving directivity index (in 

dB; Kastelein et al., 2005). These curves represent the SPL at which there is a 50% 

probability that a pure tone is heard during average wind-driven ambient noise 

conditions, given the assumptions of Gaussian background noise and a random 

swimming direction of the porpoise. More realistic predictions can be made for non-

Gaussian noise that is modulated in amplitude across frequencies by including a 

correction based on the co-modulation index (Branstetter et al., 2013). 
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RESULTS 

A total of 5,144 trials were conducted in 167 experimental sessions, resulting in 3,822 

RT measurements. Only 28 pre-stimulus responses occurred throughout the study (0.5% 

of the total number of trials), of which 17 occurred during the first five sessions (when 

the animal was still getting used to the test procedure).  

 

The median observed RTs of the harbour porpoise to the nine FM tonal signals are 

shown in Fig. 4.5 as functions of both SnL and SPL. The porpoise responded after 

signal onset with median RTs of between 95 and 522 ms. RT decreased with increasing 

SPL at every frequency. The auditory RT functions fitted to the median RTs generally 

exhibited the steepest log-log slopes ( closer to unity) at the lower and higher 

frequencies, and increasingly showed shallow slopes towards the middle frequencies 

(Table 4.2; Fig. 4.5). The goodness of fit values were satisfactory: the coefficient of 

determination (r
2
) ranged from 0.90 to 0.99 and the RMSE ranged from 2.7 to 6.4 ms 

(Table 4.2). 

 

Six equal latency contours (I-VI) were constructed from the auditory RT functions. The 

two lowest equal latency contours (V and VI; corresponding to 190 and 200 ms, 

respectively) roughly followed the shape of the hearing threshold, including the notch in 

the audiogram at 63 kHz (Fig. 4.6). On average, the audiogram and contour VI were 31 

dB apart (range 20-41 dB). The average spacing between adjacent equal latency 

contours was greater in the mid-range (16-31.5 kHz; 11-13 dB) than in the low range 

(0.5-4 kHz; 6-9 dB) and high range of test frequencies (63-125 kHz; 5-8 dB), an effect 

that directly relates to the slopes of the auditory RT functions (Table 4.2; parameter ). 

 

The six equal latency contours were converted into hypothetical equal loudness 

contours (Fig. 4.7) and auditory weighting functions (Fig. 4.8); the parameter estimates 

for Eqns 4.3 and 4.4 are provided in Table 4.4. The weighting level at the lowest 

frequency (250 Hz) was between –72 dB and –41 dB, depending on the weighting 

function. The –6 dB point and –3 dB point matched a frequency between 4.6 and 5.9 

kHz and between 7.8 and 8.2 kHz, respectively; the weighting level was 0 dB for 

frequencies of ≥17.1 to ≥25.2 kHz. The low frequency roll-off rate of the weighting 
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function ranged from 32 to 51 dB/decade (9.7 to 15.9 dB/octave), depending on the 

equal latency contour it was based upon.  

 

Both the TTS onset (Fig. 4.9A) and behavioural response onset (Fig. 4.9B) thresholds 

generally decreased as functions of peak signal frequency for frequencies below 20 

kHz. The TTS data for tonal and band noise signals combined were best described by 

the shape of contour II (see Table 4.5 for r
2
 and RMSE values). However, the shape of 

contour I most accurately approximated the reduced data set of only TTS onset data for 

1-2 and 6-7 kHz sonar signals. Despite the very low sample size, these preliminary 

results tentatively suggest that the TTS onset thresholds are best described by a 

weighting function with a relatively shallow low frequency slope.  

 

Compared to the TTS data, the behavioural response onset thresholds derived from field 

and captive studies were most accurately described by a contour with a greater low 

frequency roll-off. Contours IV and V had the highest r
2
 values out of all six contours 

(0.86 for both; Table 4.5). Contour V and the animal’s own audiogram had an almost 

identical low frequency roll-off (parameter  was estimated as 1.0 for this contour); 

therefore, based on these data, it seems appropriate to use the audiogram as a weighting 

function for behavioural effects in the absence of alternative methods. The average 

difference between the audiogram and the fit of contour V to the behavioural thresholds 

was approximately 50 dB.  

 

DISCUSSION 

Methodological considerations 

The hearing abilities of the study animal were probably representative for porpoises of 

his age and younger, as his hearing thresholds under unmasked and masked conditions 

measured 1.5 to 5 years earlier were similar to those of two other male harbour 

porpoises (Kastelein et al., 2002; Kastelein et al., 2009; Kastelein et al., 2010). The 

auditory weighting functions (Fig. 4.8) were based on the equal latency contours and the 

hearing thresholds of the animal; therefore, these functions may also be representative 

for other members of the species.  
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The six reference RTs of 150 to 200 ms were chosen to simplify the interpretation of the 

results. When equal latency contours are averaged across subjects, it is more accurate to 

use one reference frequency at which, for each individual, the reference RTs of the 

contours are determined that match predefined sensation levels (Pfingst et al., 1975a). 

This approach reduces the between-subject variation in RT that commonly occurs (e.g., 

Epstein and Florentine, 2006; Humes and Ahlstrom, 1984), particularly if this variation 

is frequency independent.  

 

Very few pre-stimulus responses occurred, which shows that the porpoise mainly 

refrained from guessing, probably because most of the levels were well above the 

animal’s hearing threshold. The animal was not trained to respond as quickly as 

possible, so the RTs found here might represent conservative estimates. However, the 

porpoise’s RTs were probably shorter than its species’ average because the animal was 

highly experienced in stimulus detection tasks (Blackwood, 2003). The higher pre-

stimulus response rate during the first five sessions was probably because the animal 

had to get used to the new procedure. 

  

The difference in SPL between the two outer equal latency contours (I and VI) was as 

high as 67 dB. Similar differences are common in humans and other species for medium 

and high SnLs (Luce, 1986; Stebbins, 1966). The data collection protocol was designed 

to provide a large enough sample to capture the decline in RT with increasing SPL, at 

sufficient frequencies (nine) to cover the wide hearing range of the animal. The lowest 

test frequency was 500 Hz. Acoustic calibrations of 250 and 400 Hz sound signals 

showed that harmonics occurred at levels judged to be too close to the hearing threshold 

at these frequencies, despite the fact that the low frequency projector was one of the 

most powerful non-military sources available. 

  

This study was focused upon mid-range and high-range SnLs; therefore, the hearing 

thresholds of the harbour porpoise were not re-evaluated during the study and relatively 

few test signals had low SnLs—insufficient to inform the auditory RT model with four 

parameters presented by Wagner et al. (2004). For SnLs between 0 and 40 dB, plotting 
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the median RTs for all frequencies in a similar graph as Fig. 4.5 showed that, despite the 

differences in minimum level, the 0.5 to 80 kHz functions were very similar. This 

suggests that the equal latency contours of the porpoise closely follow the shape of the 

hearing threshold at low SnLs, as expected from the equal loudness and equal latency 

contours of humans (Chochelle, 1940; Suzuki and Takeshima, 2004). 

  

For tests in the 125 kHz band, the median RTs near the hearing threshold of the 

porpoise differed significantly from those for other frequencies. At the lowest test level 

(SnL = 18 dB) the median was 522 ms. This value was expected to be much closer to 

the hearing threshold level, especially for a small odontocete like the harbour porpoise 

(Blackwood, 2003). Click rates were sometimes heard by the signal operator through 

the monitoring system before and during presentation of the 125 kHz signals, and it is 

therefore possible that some test signals were not audible to the porpoise because his 

echolocation click trains masked detection of the signals. This may also explain the 

slight increase in the equal latency contour values relative to 80 kHz. Click trains were 

not heard when frequencies below 125 kHz were tested. A re-evaluation of the subject’s 

hearing thresholds was recently performed which showed no substantial changes in the 

audiogram over a 3–4 year period (Kastelein et al., 2013a). In this more recent study, 

the porpoise was not allowed to echolocate during research trials. 

 

Relationship between reaction time and loudness 

In humans, simple RTs correlate with direct estimates of loudness (Luce, 1986; Marks 

and Florentine, 2011), and RT is often used as a proxy measure of loudness (Arieh and 

Marks, 2003; Florentine et al., 2004; Wagner et al., 2004). RT has therefore been used 

in subjects for which loudness assessment with standard methods is very difficult or 

impossible, such as human infants (Leibold and Werner, 2002) and non-human animals 

(Dooling et al., 1978; Green, 1975; Kastelein et al., 2011b; May et al., 2009; Moody, 

1973; Pfingst et al., 1975a; Stebbins, 1966; Ridgway et al., 2001). Functionally, the RT 

reflects the combined duration of the sensory, cognitive and motor processes needed to 

generate the response (Saunders, 1998). RT is not determined by properties of the 

received sound stimulus alone but also by, for example, age (Birren and Botwinick, 
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1955), body size (Blackwood, 2003), and masking noise levels (Chocholle and 

Greenbaum, 1966). 

  

The relationship between loudness (derived from magnitude estimation) and sensation 

level above ~30 dB is best described by a simple power law that is almost identical to 

Eqn 4.1 (Stevens, 1955). At these moderate to high levels, the slopes of such loudness 

functions are negatively correlated with the slopes of auditory RT functions for the 

individual listener (Humes and Ahlstrom, 1984; Reason, 1972). For SnLs lower than 

~30 dB, both the loudness function and the auditory RT function diverge from this 

simple power law (Chocholle, 1940; Hellman and Zwislocki, 1961; Takashima, 2003).  

  

Most researchers investigating the relationship between RT and loudness have used 

only one or two test frequencies in the range of most sensitive hearing. When more test 

frequencies are used, slopes of loudness and auditory RT functions are frequency 

dependent at moderate to high SnLs, and equal latency and equal loudness contours are 

similar in shape (Chocholle, 1940; Marshall and Brandt, 1980; Pfingst et al., 1975a). In 

general, RTs do not vary with frequency at low SnLs, so that equal latency contours 

follow the shape of the hearing threshold, although deviations have been reported for 

some listeners (Epstein and Florentine, 2006). Kohfeld et al. (1981) also reported a 

discrepancy between equal latency contours and equal loudness contours at lower levels 

(20 and 40 phons), but this was later attributed to the loudness-matching procedure that 

was used (Buus et al., 1982).  

  

There is a negative relationship between the increase in perceived loudness with SnL 

and the spacing between equal loudness contours (i.e. loudness increases more steeply 

with SnL where the spacing between the contours is smaller and vice versa). In humans, 

smaller increases in loudness with SnL are observed at frequencies within the range of 

most sensitive hearing than at lower frequencies, which causes the contours to flatten 

towards higher loudness levels (Suzuki and Takeshima, 2004). In this study, the equal 

latency contours of the porpoise showed a similar trend for frequencies up to 31.5 kHz, 

which suggests a strong correlation between RT and loudness at these frequencies. 
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Less spacing between the equal latency contours was observed not only for low 

frequencies but also for frequencies of 63, 80, and 125 kHz (Fig. 4.6), an effect that 

cannot be expected based on the equal loudness contours of humans (Suzuki and 

Takeshima, 2004) or of a bottlenose dolphin (Finneran and Schlundt, 2011). If tones of 

equal loudness truly elicit equal RTs in harbour porpoises, then the results indicate that 

the dynamic hearing range of the porpoise is very narrow at these high frequencies. 

Harbour porpoise echolocation clicks contain sound energy mainly at frequencies of 

110-150 kHz (Møhl and Andersen, 1973); therefore, a narrow dynamic hearing range at 

these frequencies seems unlikely. The animals encounter large differences in SPL at 

these frequencies in their daily life; they experience very faint echoes of their own 

echolocation clicks and high intensity clicks (peak-to-peak source levels: 178-205 dB re 

1 Pa m; Villadsgaard et al., 2007) from other porpoises. The harbour porpoise inner 

ear has an acoustic fovea on the basilar membrane with high ganglion cell densities in 

the region where these echolocation frequencies are processed (Ketten, 1997); the 

relatively short RTs that were found in this study may have been the result of increased 

neural activity generated in the foveal region. In addition, the RTs of other mammalian 

species for frequencies higher than ~16 kHz reported by Green (1975), May et al. 

(2009) and Kastelein et al. (2011b) were also shorter than expected from the equal 

loudness contours measured to date, suggesting that the correlation between RT and 

loudness is consistently weaker at these very high frequencies. 

 

Conclusions and recommendations 

The six auditory weighting functions (Fig. 4.8) are assumed to represent relative 

loudness perception in the porpoise. The experimental method used in this study is 

relatively fast compared to direct loudness estimation, and could be applied to any 

species that can be trained to perform psychophysical go/no-go tasks. However, there is 

currently only indirect evidence in favour of the weighting method based on equal 

latency. A direct comparison between equal latency and equal loudness contours over a 

wide range of frequencies in the same subject would minimize the uncertainty in the 

outcome that results from the assumptions of 1) a strong relationship between loudness 

and RT at low and middle frequencies, and 2) divergence from this relationship at very 

high frequencies. 
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The flattest weighting function (curve I in Fig. 4.8) is associated with the loudest 

sounds. TTS is generally induced by loud sounds; therefore, a function relating TTS 

onset thresholds to frequency is expected to be similar in shape to the flattest equal 

loudness contour. The very few relevant TTS onset data available for the harbour 

porpoise (Kastelein et al., 2012a, 2014, 2015b) agree with this expectation (Fig 9A). 

However, a weighting function based on a lower equal loudness contour, thus with 

relatively more curvature, predicted TTS onset levels most accurately in bottlenose 

dolphins (Finneran and Schlundt, 2013). Similarly, exposures to half-octave band noise 

at centre frequencies of 22, 32, 45 and 90 kHz induced relatively high levels of TTS 

(~15-30 dB) at received SELs of 161-165 dB re 1 Pa s in two Yangtze finless 

porpoises, Neophocaena phocaenoides asiaeorientialis (Popov et al., 2011; Finneran, 

2015); thus, these levels are significantly lower than predicted by the curve fits for TTS 

onset in Fig. 4.9A. This may suggest that TTS onset levels are not always perceived as 

equally loud across frequencies, and indicates a discrepancy that should be re-evaluated 

once more TTS onset thresholds become available. 

  

For frequencies below 20 kHz, there seems to be a good correlation between the onset 

of a behavioural response in harbour porpoises and the sensation level (SnL) of the 

exposure signal, with responses generally occurring at levels of around 50 dB above the 

hearing threshold (Fig 9B). Part of the data set used here came from Tougaard et al. 

(2015), so it is perhaps unsurprising that these authors reached similar conclusions. The 

patterns in response thresholds were comparable between data collected in laboratory 

and free-ranging conditions, at least for frequencies <20 kHz. Despite this apparent 

similarity in behaviour response onset in the harbour porpoise, it is important to note 

that behavioural responses observed in captivity should not be assumed a priori to be 

representative for wild animals, as the motivations and underlying cognitive processes 

leading to the change in behaviour might be very different. In addition, the captive 

thresholds used here came from 4 animals which introduced a degree of 

pseudoreplication in the data set (Table 4.3; Kastelein et al., 2005b, 2012b, 2013b, 

2015a). In many of these laboratory studies, the research objective was to determine the 

relative effect of the signal characteristics on behaviour, and a substantial part of the 
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variation in behavioural thresholds was ascribed to these different signal characteristics. 

However, variation in the behavioural thresholds obtained from the field studies may 

have also been caused differences in signal types, but were likely also influenced by 

other factors such as ambient noise conditions, age, motivational state, and prior 

experience with the sound stimulus (Ellison et al., 2012).  

  

Acoustic safety criteria for the exposure of marine mammals to anthropogenic noise can 

be made more accurate with auditory weighing functions such as those obtained in the 

present study, because behavioural and physiological responses of marine mammals to 

noise are expected to correlate better with the perceived loudness of a sound than with 

the unweighted SPL (Finneran and Schlundt, 2013; Southall et al., 2007). Frequency 

weighting based on equal latency may also help to determine whether the current noise 

safety regulations are appropriate. These regulations may, for instance, be too 

conservative for low frequency signals, and too liberal for high-frequency signals, or 

vice versa. At the intermediate SPLs which are needed to trigger behavioural responses 

in harbour porpoises, the difference in shape between equal loudness and equal-SnL 

contours is very small and both are expected to predict behavioural response thresholds 

equally well (or poorly). However, for physiological responses the difference between 

equal loudness and sensation level might be more pronounced. Indeed, the preliminary 

analysis of TTS data seems to suggest that loudness/latency can be a more relevant 

predictor of TTS onset; however this preliminary conclusion is based on a very limited 

data set. The lack of information about the influence of signal frequency on TTS onset 

thresholds, not only for harbour porpoises but for marine mammals in general, clearly 

represents a critical data gap (Finneran, 2015). 

  

The weighting functions in this study may be used to predict behavioural response 

thresholds independent of the frequency of the signal that caused the response, from 

measured behavioural response thresholds to signals of known frequency spectra. Such 

extrapolations would greatly increase the applicability of behavioural response 

thresholds for marine mammals in the wild that were measured during exposure to 

relatively narrowband sources (e.g., Miller et al., 2012; Tyack et al., 2011). The 

weighting functions may also enable more accurate estimations of the distances from a 
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variety of sound sources at which behavioural responses, such as avoidance of the 

sound source, and physiological responses, such as the onset of TTS, occur in marine 

mammals. 
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TABLES & FIGURES 

Table 4.1. The root-mean-square error (RMSE) between the SPLs of the unsmoothed 

equal latency contour and the SPLs of the smoothed equal latency contour, as functions 

of the test frequencies included. The highest similarity between the two curves, 

indicated by the smallest RMSE (underlined), was generally obtained with the 0.5−31.5 

kHz data set. 

Contour Reference 

RT (ms) 

Frequencies included (kHz) 

≤16 ≤31.5 ≤63 ≤80 ≤125 

RMSE (dB) 

I 150 4.6 4.3 7.2 10.4 10.7 

II 160 3.4 3.2 6.0 8.3 8.2 

III 170 3.1 3.0 5.2 6.6 6.3 

IV 180 3.8 3.7 5.0 5.5 5.2 

V 190 5.0 4.7 5.3 5.1 5.3 

VI 200 6.4 5.9 5.9 5.5 6.2 
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Table 4.2. Summary of the reaction time (RT) data, and fitted auditory RT functions 

(Eqn 4.1), including the total number of trials, the total number of test levels, the best-fit 

estimates and 95% confidence intervals (CIs) of parameters  and  (Eqn 4.1), and the 

goodness-of-fit parameters: r
2
 and RMSE. Also shown are the hearing thresholds of the 

same porpoise for the test frequencies in this study (900 ms signals; Kastelein et al., 

2010), which were used for the conversion between SPL and SnL.  

Frequency 

(kHz) 

No. 

of 

trials 

No. 

of 

test 

levels 

Log-log slope 

  

Intercept  

(ms) 

Goodness of fit Hearing 

threshold 

(dB re 1 

Pa) 
Best-fit 

value 

95% 

CI 

Best-fit 

value 

95% 

CI 
r

2
 

RMSE 

(ms) 

0.5 493 7 0.042 0.006 278.1 15.0 0.99 3.9 102 

1 598 8 0.028 0.004 243.9 11.8 0.98 3.3 85 

2 498 8 0.035 0.006 260.5 19.4 0.98 4.1 71 

4 756 10 0.032 0.004 270.7 13.0 0.98 5.1 60 

16 537 8 0.019 0.007 217.7 18.0 0.90 6.0 49 

31.5 578 9 0.022 0.006 234.7 19.5 0.93 6.4 47 

63 527 8 0.030 0.005 234.9 13.2 0.98 4.4 55 

80 500 8 0.045 0.004 265.3 12.6 0.99 2.7 46 

125 657 9 0.056 0.009 327.9 42.5 0.98 5.9 43 
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Table 4.3. Information on the captive studies with four harbour porpoises from which behavioural response thresholds were obtained.  

Ref. Sound characteristics Behavioural response 

Peak 

freq. 

(Hz) 

Band-

width 

Signal type Pulse 

dur. (s) 

Duty 

cycle 

(%) 

Corr. to 

Leq-fast 

(dB) 
c
 

SPL at 1 

m 

(dB re 1 

Pa) 

Leq-fast 

(dB re 

1 Pa) 

No. of 

anim. 

Comment 

Kastelein 

et al. 

(2005b) 

  

  

  

12 

10-13 

kHz, with 

harmonics 

Chirp 2 80 0 116 98
d
 2 

Avoidance / 

discomfort 

threshold was 

assumed to occur 

just outside of the 

average 

swimming area. 

Thresholds for 

three porpoises in 

total; not the same 

as in the present 

study. 

12 

9-18 kHz, 

with 

harmonics 

Direct seq. spread 

spectrum 
1 60 0 123 106

d
 2 

12 
10-14 

kHz 
Linear upsweep 1 80 0 116 98

d
 2 

12 
10-14 

kHz 

Mod.freq.shift 

keying (noise) 
Cont. 100 0 130 112 2 

Kastelein 

et al. 

(2008a) 

50 Narrow Pure tone Cont. 100 0 122 108 1 

Kastelein 

et al. 

(2008b) 

  

  

  

  

70 Narrow Pure tone 0.3 8 0.4 137 122
e
 2 

70 Narrow Pure tone 1 25 0 137 122
e
 2 

70 Narrow Pure tone Cont. 100 0 148 137
e
 2 

70 Narrow Pure tone 2 50 0 144 127 2 

120 Narrow Pure tone Cont. 100 0 134 117
e
 2 

Kastelein 

et al. 

(2012b) 

1
a
 1-2 kHz 

Hyperbolic 

upsweep 
1 0.6 0 132 132 1 

Response 

thresholds taken 

as the 50% 2
a
 1-2 kHz Hyperbolic 1 0.6 0 132 134 1 
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downsweep probability of a 

brief change in  

speed and/or 

orientation. 

Thresholds for the 

same porpoise as 

in the present 

study. 

  

 

6
a
 6-7 kHz 

Hyperbolic 

upsweep 
1 0.6 0 114 101 1 

7
a
 6-7 kHz 

Hyperbolic 

downsweep 
1 0.6 0 114 101 1 

12
b
 

1-2 kHz, 

with 

harmonics 

Hyperbolic 

upsweep 
1 0.6 0 110 98 1 

12
b
 

1-2 kHz, 

with 

harmonics 

Hyperbolic 

downsweep 
1 0.6 0 110 100 1 

Kastelein 

et al. 

(2013b) 

  

  

  

  

1.38 Narrow Pure tone 1.25 0.7 0 - 131 1 

1.38 

Narrow, 

with 

harmonics 

Pure tone 1.25 0.7 0 - 124 1 

1.38 

Narrow, 

with 

harmonics 

Pure tone, tapered 1.25 0.7 0 - 125 1 

1.43
a
 

1.33-1.43 

kHz 

Hyperbolic 

downsweep 
1.25 0.7 0 - 144 1 

1.43
a
 

1.33-1.43 

kHz, with 

harmonics 

Hyperbolic 

downsweep 
1.25 0.7 0 - 130 1 

Kastelein 

et al. 

(2015a) 

  

  

25 

24.5-25.5 

kHz, with 

harmonics 

Hyperbolic 

downsweep 
0.05 2.4 5 160 120 1 

Response 

thresholds taken 

as the lowest 

levels where 

respiration rate 

and/or swimming 

speed was 

25 

Narrow, 

with 

harmonics 

Amplitude 

modulated tone, 

bell shaped 

0.5 5.6 0 160 118 1 

25 24.5-25.5 Combo of the two 0.9 8.3 0 159 118 1 
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kHz, with 

harmonics 

above increased. 

Thresholds for the 

same porpoise as 

in the present 

study.  
a) The start frequency of the sweep was used because the observed behavioural response was assumed to be the result of a startle reflex 

b) Responses were assumed to be triggered by the harmonic energy around 12 kHz (based on sensation level; Kastelein et al., 2011a) 

c) The correction to Leq,fast was calculated as 10 * log10(1  e
t/0.125

) with signal duration t in seconds (Tougaard et al., 2015) 

d) The influence of silences between pulses on the reported levels was corrected by subtracting 10 * log10(d / 100) with duty cycle d in % 

e) Avoidance threshold was estimated by adding the difference in "SPL in area occupied by porpoises" to the reported avoidance threshold for the 2-s signal
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Table 4.4. Parameter estimates with 95% confidence intervals (CIs) for the hypothetical 

equal loudness contours (Eqn 3; Fig. 4.7B) and the auditory weighting functions (Eqn 

4.4; Fig. 4.8). Note that the 95% CIs are the same for parameters K1 and K2 because K2 

was derived from K1. The low frequency roll-off rate, which depends on parameter x, is 

also shown.  

Contour Parameter Roll-off 

rate 

(dB/decade) 
K1 (dB re 1 

Pa) 

K2 (dB) a (Hz) x 

Est. 
95% 

CI 
Est. 

95% 

CI 
Est. 

95% 

CI 
Est. 

95% 

CI 

I 133.48 3.32 0.03 3.32 4563 3322 1.62 0.58 32 

II 121.17 3.80 0.02 3.80 5004 4180 1.84 0.65 37 

III 109.62 4.27 0.01 4.27 5318 4393 2.05 0.71 41 

IV 98.71 4.73 0.01 4.73 5550 4550 2.26 0.78 45 

V 88.41 5.17 0.00 5.17 5722 4667 2.45 0.84 49 

VI 78.62 5.60 0.00 5.60 5856 4758 2.64 0.9 51 
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Table 4.5. Results of fitting the vertical offset of each idealised equal loudness contours 

to the 1) TTS onset data for frequency sweeps, 2) TTS onset data for frequency sweeps 

and octave-band nose, and 3) behavioural response onset thresholds. Maximum 

likelihood estimates for parameter K1 and measures of goodness-of-fit are shown for 

each data set.  

Contour 

  

TTS onset (sweeps) TTS onset (sweeps & 

noise) 

Behavioural response 

K1 r
2
 RMSE K1 r

2
 RMSE K1 r

2
 RMSE 

I 177.3 0.88 2.46 171.5 0.40 9.48 107.4 0.73 10.13 

II 175.5 0.77 3.42 170.0 0.43 9.31 105.5 0.80 8.75 

III 173.9 0.55 4.73 168.7 0.42 9.33 103.7 0.84 7.78 

IV 172.3 0.24 6.17 167.3 0.40 9.53 102.0 0.86 7.28 

V 170.9 -0.13 7.54 166.1 0.35 9.87 100.4 0.86 7.29 

VI 169.5 -0.59 8.94 164.9 0.29 10.33 98.9 0.84 7.75 
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Figure 4.1. The indoor test pool, as seen (A) from above and (B) from the side. The 

harbour porpoise, trainer, and signal operator are shown in their positions at the 

beginning of a research trial. Signals were transmitted with a low frequency (LF; 0.5−4 

kHz), mid frequency (MF; 16−63 kHz), or high frequency (HF; 80−125 kHz) projector. 
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Figure 4.2. Block diagram of the equipment used to generate the sound stimuli, monitor 

the sounds and the harbour porpoise under water, and measure the porpoise’s RTs.
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Figure 4.3. The listening station with embedded reaction time sensor based on IR light. 
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Figure 4.4. Still frame sequence of a research trial. (A) The harbour porpoise 

approaches the listening station. (B) The porpoise positions its rostrum against the 

listening station, thereby breaking the infrared light beam in the reaction time sensor, 

and illuminating the LED in the top sensor bracket above the listening station (indicated 

by the arrow). (C) The porpoise has responded and starts moving away while the sound 

is still being emitted (horizontal lines produced by the video distorter are visible in the 

image because the sound is on). (D) The porpoise swims back to the start/response buoy 

to receive a fish reward from the trainer. 
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Figure 4.5. Relationship between sensation level (SnL; top axes), sound pressure level 

(SPL; bottom axes) and reaction time (RT) of the harbour porpoise, for narrowband FM 

tonal signals with centre frequencies of 0.5 to 125 kHz. The auditory RT functions 

(black lines; Eqn 4.1) result from fitting a power law (Eqn 4.1) to the median RTs 

(circles), after one or two near-threshold medians (crosses) were omitted. The number 

of RT measurements is shown above each median, and error bars indicate interquartile 

ranges. 
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Figure 4.6. Equal latency contours I−VI of the harbour porpoise with the corresponding 

reference RT values. The contour SPLs were derived from the auditory RT functions in 

Fig. 4.5 by matching the six reference RTs across frequencies. Circles and crosses 

indicate the test levels for which median RTs were included and excluded during the 

fitting process, respectively (see ‘Materials and Methods – Reaction time 

measurements’ for rationale). The line with dotted markers at the bottom is the 

porpoise’s hearing threshold for 900 ms signals (Kastelein et al., 2010). 
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Figure 4.7. Conversion from equal latency contours to equal loudness contours. (A) The 

shape of the harbour porpoise’s audiogram was used as a template to create smoothed 

versions of the equal latency contours (solid lines with squares) from the original 

contours (dashed lines; same as in Fig. 4.5). The audiogram of the subject (solid line 

with dots; Kastelein et al., 2010) and the audiograms of two other harbour porpoises 

(dashed-dotted line: Andersen, 1970; dotted line: Kastelein et al., 2010) are shown at 

the bottom of the graph. (B) Values for 0.25, 8, and 50−150 kHz were added to the 

smoothed equal latency contours using the animal’s own hearing thresholds at these 

frequencies and the threshold-contour relationships (Eqn 4.2), which resulted in six 

hypothetical equal loudness contours (dashed lines with squares). A closed-form model 

(Eqn 4.3) was fitted (solid lines) to these extended smoothed contours. Only the 

audiogram of the subject is shown here (solid line with dots). 
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Figure 4.8. Six auditory weighting functions for the harbour porpoise. The weighting 

functions, which should reflect the frequency response of the porpoise’s hearing system, 

are associated with the SnL of the received signal (I being high and VI being low). The 

extension of the functions (dashed line) is to emphasize that the effective hearing range 

of the porpoise ends abruptly at 160 kHz. 
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Figure 4.9. (A) TTS onset thresholds of porpoise Jerry measured after exposure to 

downsweeps of 12 kHz (Kastelein et al., 2014) and 67 kHz (Kastelein et al., 2015b), 

for signal sequences with duty cycles of 10% (circles) and 100% (squares). This data set 

was best described by the shape of contour I (black line). The shape of contour II (grey 

line) best described the TTS onset thresholds if the data set also included 4 kHz octave-

band noise exposures (triangles; Kastelein et al., 2012a). (B) Behavioural response 

thresholds derived from field studies (circles; reviewed by Tougaard et al., 2015) and 

captive studies (squares; see Table 4.3 for references). The shape of contour V best 

predicted the behavioural response thresholds for frequencies below 20 kHz. Thresholds 

for higher frequencies are also shown but were not included in the final model. The 

audiogram of the porpoise and the noise-limited theoretical detection thresholds for 5 

different sea states are shown at the bottom of the panel.  
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  Chapter 5

Experimental evaluation of the effectiveness of ramp-

up as a mitigation method for naval sonar 

 

SUMMARY 

Powerful sound sources such as naval sonars are often gradually increased in intensity 

to reduce risk of physiological damage, by giving animals an opportunity to move away 

and reduce their exposure to harmful levels, but the effectiveness of this ‘ramp-up’ 

procedure has yet to be empirically evaluated. Among 31 vessel approaches to 13 

humpback whales tagged with multi-sensor tags, ramp-up did not significantly reduce 

sound exposure overall. However, for the 60% of whales that initially avoided the sonar 

during ramp-up, statistically significant reductions in received maximum sound pressure 

level (SPLmax: −6 dB) and cumulative sound exposure level (SELcum: −4 dB) were 

observed, compared to whales that did not avoid. During a consecutive ramp-up, fewer 

avoidance responses (38%) led to smaller reductions in received levels (SPLmax: −2; 

SELcum: 0 dB), indicating short-term habituation. Attraction responses occurred 

occasionally (13%), which resulted in small increases in received levels. Strong 

avoidance without habituation was observed for a whale accompanied by a small calf. 

This chapter demonstrated that 1) sonar ramp-up can reduce received levels and thereby 

risk of acute effects in humpback whales, and 2) ramp-up is only effective for the 

population subset that shows strong enough avoidance at sufficiently low received 

levels. 

 

INTRODUCTION 

The importance of sound for marine animals has led to increased recognition that man-

made noise is a marine pollutant (Tasker et al., 2010) and that exposure to man-made 

noise can be detrimental to marine mammals which have acute underwater hearing 

(Richardson et al., 1995). Best-practise guidelines for human activities that generate 
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high-intensity underwater sound currently recommend the use of operational mitigation 

measures designed to protect marine animals (e.g. Compton et al., 2008). 

 

One such measure is the gradual increase of source intensity prior to normal (full-

power) operation, known as ‘ramp-up’ or ‘soft-start’. Ramp-up is used by several navies 

during sonar exercises (Dolman et al., 2009) and is also common for other activities that 

involve high-intensity sound sources, e.g. seismic surveys for oil and gas exploration 

(Nowacek et al., 2013), acoustic thermometry (Frankel and Clark, 2000a), and pile 

driving and detonation of explosions during offshore construction (Brandt et al., 2011; 

dos Santos et al., 2010; Jefferson et al., 2009). The untested assumption behind ramp-up 

is that animals will move away from the path of an approaching sound source or the 

location of a stationary source, while the source level (SL) increases, thus reducing the 

maximum sound intensity and energy received by the animal. A recent non-peer-

reviewed correlational study based on observational data collected over 7 years during 

seismic surveys provided evidence that ramp-up indeed triggers such avoidance 

behaviour in cetaceans (Stone, 2015). Ramp-ups are mostly intended to mitigate against 

auditory (Mooney et al., 2009) and other types of physiological damage in animals that 

are relative close to the source, but might also protect against severe forms of 

behavioural disturbance (e.g. panic) in animals near a source that starts at full intensity. 

 

von Benda-Beckmann et al. (2014) used theoretical modelling to investigate the 

effectiveness of ramp-up for naval sonar. These authors found that ramp-up before 

normal sonar operation can be effective at reducing the number of animals experiencing 

sound doses that are high enough to cause temporary or permanent hearing loss. 

Important factors were the assumed relationship between acoustic dosage and avoidance 

response speed of the animals, as well as the ramp-up duration, sailing speed and time 

interval between the sonar pulses (von Benda-Beckmann et al., 2014). However, even 

though von Benda-Beckman et al. (2014) used relevant empirical input in their model, 

ultimate experimental confirmation of these predictions is still missing. Some argue that 

ramp-up affects the fidelity of naval combat training, and in theory ramp-up might do 

more harm than good by attracting animals to the source when levels are low, or by 

increasing the total duration and energy of exposure (Barlow and Gisiner, 2006). It is 
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therefore important to address the effectiveness of ramp-up as a procedure to mitigate 

risk to marine mammals during sonar operations. 

 

Experiments in which controlled doses of a stimulus are applied to induce a behavioural 

or physiological response have been used to study the responses of cetaceans to naval 

sonar. Such controlled exposure experiments (CEEs; Tyack et al., 2003) have provided 

useful information about various aspects of the behavioural responses of cetaceans to 

sonar (DeRuiter et al., 2013; Goldbogen et al., 2013; Kastelein et al., 2011, 2012; 

Kvadsheim et al., 2012b; Miller et al., 2012, 2015; Sivle et al., 2015; Stimpert et al., 

2014; Tyack, 2009; Tyack et al., 2011; Wensveen et al., 2015), including species-

specific dose-response relationships (Antunes et al., 2014; Harris et al., 2015; Houser et 

al., 2013a, 2013b; Miller et al., 2014; Chapter 3) that can be used in environmental risk 

assessment frameworks (Boyd et al., 2008; Tyack et al., 2003). In this thesis chapter, 

the objective was to experimentally test the effectiveness of ramp-up of naval sonar in a 

cosmopolitan cetacean species, the humpback whale (Megaptera novaeangliae). The 

overarching goal of the experiments was to increase understanding about the biological 

factors that influence the effectiveness of ramp-up in marine mammals in general. Data 

from CEEs that were specially designed to test whether ramp-up of 1.3-2 kHz active 

sonar reduces sound levels received by the humpback whales were analysed. The results 

are discussed in the broader context of marine mammal behaviour and operational sonar 

use. 

 

MATERIALS & METHODS 

In this chapter, I used data from experiments conducted on tagged humpback whales in 

2011 and 2012 during the 3S Behavioural Response Study (Kvadsheim et al., 2015; 

Sivle et al., 2015b). Whales were tagged with Fastloc-GPS loggers (F2G 134A, 

Sirtrack, New Zealand) and multi-sensor DTAGs (version 2; Johnson and Tyack, 2003) 

prior to the sonar exposure sessions and whales were focally followed throughout the 

period that the tag was attached. Readers are referred to Chapter 2 for details about the 

data loggers and focal follow protocols. Detailed information about the study area and 

CEE protocols can be found in Chapter 3. This information is summarised here, but I 

also provide some extra information specific to the current study. 
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CEE protocol 

The source vessel was the 55-m R/V HU Sverdrup II, which towed a sonar source 

(Socrates II, TNO, The Netherlands) using 250-300 m of cable. The source was 

positioned at 50-m depth. Three types of exposure session were conducted: No-Sonar 

(n=11), RampUp (n=18), and No-RampUp (n=2) (Table 3.1). During RampUp, sonar 

transmission started at 1.3 km from the whale, and the source vessel approached at a 

speed of 4 m/s on a predetermined straight intercept course, while transmitting a 5-

minute ramp-up. Full-power transmissions then continued for another 5 minutes. Each 

exposure session was conducted using two independent intercept calculators to advise 

the experimental coordinator because the start time of the session, 5 minutes before the 

estimated intercept with the whale, and line-of-approach depended upon a prediction of 

the future track of the whale (Kvadsheim et al., 2011).  

 

The two intercept calculator tools were MARIA, developed for the Norwegian Navy by 

FFI, and RU-tool, custom-built in MATLAB by the author. Both tools used the GPS 

positions of the source vessel and estimated locations of whale to calculate the time and 

position of the intercept and the best sailing path of the source ship. The two tools used 

somewhat different logic: MARIA primarily used the automatic identification system 

(AIS) signal from the tracking boat, which was usually within 100 m of the whale; and 

RU-tool predicted the future movements of the whale from the last few sighting 

positions by taking into account the whale’s general movement pattern (i.e. 

nondirectional, directional without bias in turn angle, or directional with bias in turn 

angle). These sighting positions were relayed via VHF radio by the observers on the 

tracking boat. The final course correction and start time of the session (i.e. 5 minutes 

before the calculated intercept point with the source) was determined only minutes 

before the start of the session. Ultimate decisions on course changes and start of 

transmission were always made by the experimental coordinator based on all available 

information. 

 

To contrast the ramp-up approaches, approaches without ramp-up were also conducted 

to estimate the received levels animals would experience that were not warned by the 
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ramp-up and to control for the potential effect of the vessel. These session types 

followed the same navigational protocol as RampUp, but had no transmissions during 

the first 5 minutes and then started at full power (No-RampUp) or no transmissions 

during the entire 10-minute period (No-Sonar) (Table 3.1). Most No-RampUp sessions 

used in the analysis were simulated by prediction of received levels based upon 

geometry and timing of No-Sonar sessions. Specifically, sonar transmissions were 

modelled using the measurements of the whale depth from the DTAG, source depth, 

source distance and acoustic environment, thus predicting what the received level at the 

whale would have been if the No-Sonar was a No-RampUp session. This approach was 

taken because of the No-RampUp protocol did not give whales enough time to affect 

received levels by moving away, and the first transmissions always caused the highest 

received levels. However, two experimental No-RampUp sessions were conducted in 

2012 (Table 3.1) to investigate potential effects of the sudden nearby sonar onset on the 

magnitude of the response. Up to three sessions, each separated by 1 hour or more, were 

performed per experiment, with No-Sonar always conducted before sonar exposures to 

avoid sensitisation to the sound stimulus. 

 

The sonar source transmitted a 1.3-2 kHz hyperbolic upsweep at a 20-s interval. During 

the ramp-up period, the single-pulse source level based on mean-square pressure (SL) 

increased over 5 minutes as follows: 152, 168, 180, 187, 192, 196, 199, 202, 204, 206, 

208, 210, 211, 213 and 214 dB re 1Pa m. The SL was 214 dB re 1Pa m during the 

full-power period. Sonar pulses were shorter during ramp-up (0.5 s) than during full-

power periods (1 s) to minimise SELcum. See the Discussion for how the ramp-up 

scheme was selected and for the rationale of using two different pulse durations. 

 

Acoustic data analysis 

Acoustic propagation loss (PL) was modelled at each exposure site using ray-trace 

software (BELLHOP, version 09/2010; (Porter and Bucker, 1987)) to calculate the 

received levels during RampUp and No-RampUp sessions. Sound speed profiles used in 

the analysis were collected on-site using a conductivity-temperature-depth (CTD) 

profiler or an expendable bathythermograph, during the exposure session or shortly 

after the session had ended (Kvadsheim et al., 2011, 2012). The acoustic model 
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assumed a pressure release sea surface and a bottom layer that was a flat, homogeneous 

fluid layer with constant acoustic properties. Bottom reflection coefficients were 

calculated using geo-acoustic parameters from (Ainslie, 2010) for the most prevalent 

sediment types at the exposure sites (Gurevich, 1995) in combination with the water 

sound speed and density (derived from CTD data) above the seafloor. For each exposure 

session, incoherent PL was modelled for a single two-dimensional slice with 1×1 m grid 

resolution. Each slice was 4 km long, and its vertical dimension was taken as the mean 

sea floor depth between the source and whale at the start of the exposure session 

(British Oceanographic Data Centre, 2010). 

 

The modelled sound source was based on the properties of the real sonar source. PL was 

modelled at 1.6 kHz, which was the logarithmic middle of the band. The vertical 

directivity pattern of the real source at that frequency (3-dB beamwidth: 40°) was 

implemented. The range of beam take-off angles in the vertical plane was 89°. The 

number of traced Gaussian beams was 3200 (this number was automatically selected by 

BELLHOP). The modelled source was horizontally omnidirectional and was placed at 

the mean tow depth of the real source calculated over all pulses in the exposure session.  

 

The energy source level (SLE) was derived from the SL via SLE=SL+10log10(T/tref), 

where tref is 1 s. Because of a gradual onset and offset in the waveform, the effective 

duration T of a pulse transmitted during the ramp-up and full-power periods was 0.43 

and 0.93 s, respectively. The received single-pulse sound exposure level (SEL) and 

sound pressure level (SPL) were derived from the modelled PL as SEL=SLE–PL and 

SPL=SL–PL, respectively [6]. Received SELcum for a given 3-dimensional whale 

trajectory was calculated by cumulative summation of the single-pulse sound exposures 

E since the start of the session, where E=10
SEL/10

. Received SPLmax was the maximum of 

all the received single-pulse SPLs in the session. 

 

Instead of using a deterministic approach with point estimates of PL, a Monte Carlo 

method was applied to propagate forward uncertainty of the whale position into 

probabilistic received levels (SPLmax and SELcum). For each modelled sonar pulse, a 

small degree of noise (SD: 1 m) was added to the whale depth measured by the DTAG. 
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This, in combination with probabilistic source-whale ranges derived from the horizontal 

tracks (Chapter 2), gave rise to uncertainty in the PLs, which in turn resulted in the 

probabilistic received levels. Statistical analyses using generalised estimation equations 

(GEEs) were conducted on the mean values of these probabilistic received levels. 

 

For all humpback whales exposed to sonar, Sivle et al. (2015) describes how the 

received levels of the pulses were calculated from the acoustic recordings made by the 

DTAGs. As a performance check of the modelling approach, the measured SELs were 

compared to the modelled SELs (Fig. 5.1). Good correspondence was found in general, 

but there was a tendency for the modelled SELcum at the end of the exposure session to 

be slightly lower than the measured SELcum (mean difference 2.2 dB). This value fell 

roughly within 1 standard deviation (SD) from the mean acoustic sensitivity of the 

DTAGs in the frequency band of the sonar (SD 1.5-2.6 dB; n=3 tags; Appendix III). 

Althought it would have been possible to add corrections to the modelled levels to bring 

them closer to the measured levels, this approach was not taken as it would not affect 

the main objective, i.e. to study the relative effects of the exposure session type and 

other covariates on the received levels and mimimum distance. 

 

Qualitative analysis of behaviour 

Visual estimates of range and bearing between the observer and one whale in each 

group (the ‘focal animal’) were collected. In addition, GPS positions were recorded by 

the Fastloc-GPS loggers attached to most DTAGs (12/13). Probabilistic horizontal 

tracks of the whales were reconstructed in Chapter 2 of this thesis from these data in 

combination with measurements of speed-through-water and body orientation. Here, I 

qualitatively assigned the presence/absence of avoidance and/or attraction based on 

these fine-scale movement tracks (Fig. 5.2; for plots of all sessions, see Figs. A14-A24 

in Appendix II). Two expert groups of 2 persons each independently scored the 

behavioural changes, which were thought to be responses to the sonar source or source 

vessel, and then reached consensus in a joint meeting (for more details on this analysis, 

see Chapter 3). 
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Both expert groups had scored the same 9 avoidance responses (100% agreement), and 

the independent scores for attraction agreed by 75% (3/4 responses) before consensus. 

All but two of the avoidance responses were also identified in an earlier study with the 

same whales (Sivle et al., 2015b) that used horizontal tracks of lower temporal 

resolution (i.e. only surface positions). One of these two avoidance responses 

(mn12_179a, session #2; Fig. A23) that was not identified in that earlier study occurred 

entirely underwater, and was therefore difficult to detect without the fine-scale 

movement tracks. 

 

I specified the presence/absence of feeding just before or during the exposure session 

based upon the detection of lunges (Figs. 5.2A,C), i.e. feeding events in which the 

whale speeds up, engulfs a large volume of water, and uses its baleen to filter prey 

(Goldbogen et al., 2008; Simon et al., 2012). ‘Feeding’ was assigned if at least one 

lunge was present in the time interval from 10 minutes before the start of the session 

until either the onset of the avoidance or attraction response, or the end of the session if 

no response was scored. The feeding lunges that were used here were identified by Sivle 

et al. (2015) using a published detection algorithm (Simon et al., 2012). 

 

Statistical procedure 

GEEs (Hardin and Hilbe, 2003) were used to model three response variables: SPLmax, 

SELcum and the minimum source-whale range (Rmin). SPLmax and SELcum were modelled 

as Gaussian variables; Rmin was modelled as a Gamma variable. All predictor variables 

were binary factor covariates. To examine the effect of ramp-up on the humpback whale 

population as a whole, I first ran simple GEE models with two predictor variables, 

session type (0:No-RampUp, 1:RampUp) and ramp-up session order (0:RampUp1, 

1:RampUp2) for each response variable. However, because the movement tracks 

reflected heterogeneity in the whales’ responsiveness, I also conducted stepwise 

covariate selection on extended models that included 4 additional covariates: the 

presence/absence of an attraction response, presence/absence of an avoidance response, 

order of the ramp-up session in which the avoidance occurred (0:RampUp1, 

1:RampUp2), and presence/absence of feeding behaviour. These 6 respective candidate 

covariates were labelled SessionType, SessionOrder, Attraction, Avoidance, 
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AvoidanceOrder, and Feeding. I expected to see significant effects for the covariates 

Attraction, Avoidance, AvoidanceOrder and Feeding if the behavioural state or 

behavioural responses of the whales strongly affected the received levels or Rmin. 

Additional significant effects of the covariates SessionType and SessionOrder were 

expected in the case of systematic differences that were predominantly not defined by 

whale behaviour (e.g. timing of the sonar, course of the source vessel). 

 

GEEs allow for the specification of a blocking unit within which observations can be 

correlated (Hardin and Hilbe, 2003). Here, group ID was selected as the blocking unit 

because data from both focal whale mn12_170b and non-focal whale mn12_170a were 

included, and the behaviour of these associated whales may be not independent. 

Another non-focal whale (mn11_165f; Fig. 5.3B) was not part of the GEE analysis as 

visual or GPS fixes were not recorded for this animal. The jackknife variance estimator 

was applied because the sandwich variance estimator can be biased for small sample 

sizes. Statistical analyses were performed using geepack (Højsgaard et al., 2014) and 

MuMIn (Barton, 2015) in R version 3.0.2. 

 

Hypothesis-based stepwise model selection using p-values and backwards selection was 

used to test which combination of predictor variables best explained the observed 

variation in the extended models. For each response variable, I first ran the full model 

with all candidate covariates including the six main effect terms and one 2-way 

interaction term of interest (Feeding:Avoidance). An ANOVA was then conducted on 

the candidate model, the covariate or interaction term with the highest p-value removed, 

and the GEE model rerun. This process was repeated until all terms retained in the 

ANOVA were significant at 5% level (Table 5.1).  

 

An independent correlation structure was used in all GEE analyses. I verified that three 

competing working correlation structures (i.e. exchangeable, AR1, unstructured) did not 

improve the QICr (Hardin and Hilbe, 2003) of the simple models and most-

parsimonious extended models. The significance of the factor level coefficients was 

assessed for the simple models and most-parsimonious models. Although the covariate 
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SessionType was retained in the most-parsimonious model of Rmin, no significant 

difference between its factor levels was found so this parameter was not interpreted. 

 

RESULTS 

The 13 tagged humpback whales were part of 11 independent groups of 1 or 2 whales; 

on two occasions two whales in the same group were tagged (mn11_165e and f; 

mn12_170a and b) (Table 3.1). All 11 independent groups were first subjected to a No-

Sonar control session. Of these 11, 10 groups were subsequently exposed to RampUp1, 

as one tag came off early (mn11_158a). Then, 8 groups were exposed to RampUp2 and 

2 groups were exposed to No-RampUp (Table 3.1).  

 

Overall, RampUp did not significantly reduce the predicted received levels in this 

humpback whale population, although received levels tended to be slightly lower during 

RampUp than during No-RampUp (Table 5.2). Of the 10 whales that were exposed to 

RampUp1, 6 avoided the sound source (Fig. 5.4), there were statistically significant 

decreases in the received levels (−6 dB for SPLmax; −4 dB for SELcum) of these whales 

that showed avoidance compared to animals that did not show avoidance (Table 5.2). 

Fewer (3/8 whales) and weaker avoidance responses occurred during RampUp2, leading 

to smaller average decreases in received levels (−2 dB for SPLmax; 0 dB for SELcum) 

(Table 5.2).  

 

Avoidance was a response to the sonar and not the approaching vessel alone, as this 

response did not occur during No-Sonar. Avoidance responses started during the ramp-

up period (i.e. the first 5 minutes) in nearly all sessions with avoidance (8/9). For the 

one case where avoidance started during a full-power period (mn11_165e and f, session 

#3; Fig. A17), the received SPL was still increasing and source-whale range decreasing 

at the onset of response. The interaction between avoidance and presence of feeding 

behaviour prior to avoidance was not retained in the final model, indicating little 

support for an effect of feeding context on ramp-up efficacy in humpback whales.  

 

Attraction to the source (Fig. 5.2C) occurred during 2 sessions with and 2 sessions 

without ramp-up (Fig. 5.4), and these attraction responses increased received levels on 
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average (+3 dB for SPLmax; +2 dB for SELcum) compared to sessions without attraction. 

The minimum source-whale distance (Rmin) ranged from 61 to 998 m (Fig. 5.4C). Rmin 

was increased by 145 m during RampUp, i.e. RampUp1 and RampUp2 combined, 

compared to No-RampUp (table 2). As expected, Rmin was greater (+251 m) and smaller 

(−175 m) during sessions that included avoidance and attraction, respectively (Table 

5.2). 

 

DISCUSSION 

Adaptive management of environmental impact requires evaluation of mitigation 

methods such as shut-down and ramp-up (Dolman et al., 2009). These results represent 

the first experimental examination of ramp-up used by several navies. The humpback 

whale was considered an appropriate model species for this purpose as they are 

relatively easy to find, tag and track, which improved the chances of obtaining a 

sufficient sample size. Humpbacks were generally not strongly responsive to 1.3-2 kHz 

sonar, and therefore ramp-up was not very effective for this species in general. In the 

60% of RampUp1 sessions where animals avoided the sound source, which is the 

assumption behind ramp-up (von Benda-Beckmann et al., 2014), received SPLmax and 

SELcum was significantly reduced by 6 dB and 2 dB, respectively. In a qualitative 

comparison between six species of cetacean, humpback whales were found to be 

relatively unresponsive to naval sonar (Sivle et al., 2015b), and thus it is expected that 

ramp-up should be more effective with other, more responsive species (von Benda-

Beckmann et al., 2014).  

 

Humpback whales have a global distribution and make long-distance migrations 

(Jackson et al., 2014; Stevick et al., 2011) during which they are likely to encounter 

anthropogenic disturbances (Rosenbaum et al., 2014). Their distribution during 

important behaviours such as feeding and mating is concentrated at inshore and 

continental shelf waters, which overlaps with that of naval sonar activity (Christensen et 

al., 1992). In the last two decades, several navies have started using lower frequency (≤2 

kHz) active sonar systems for longer-range detections of submarines (Scott, 2015). 

Behaviour is highly context dependent, and contextual variables such as the novelty of a 

stimulus, along with the loudness and temporal aspects of the sound, can affect 
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responsiveness (Ellison et al., 2012). It is therefore possible that the observed 

behavioural responses of the whales were influenced by their history of experience with 

long-range sonar. 

 

Another context variable that may influence the behavioural response (Richardson et al., 

1995) and thus the effectiveness of ramp-up is the relative motion of the source vessel. 

The source vessel’s line-of-approach was directly at the whale during the experiments, 

and animals may have responded differently if the transmitting source was stationary or 

moving away. It also meant that inaccuracies in the selected course and start time had 

relatively large effects on the received levels and were responsible for significant 

variation in the data set (Fig. 5.4). However, a sonar vessel that is approaching is more 

likely to put animals at risk of physiological damage, and the purpose of ramp-up is to 

reduce the risk for whales that happen to be directly in the path of the source vessel 

before it starts a full-level sonar operation (von Benda-Beckmann et al., 2014). 

 

It should be emphasised that the main comparisons here were between the two RampUp 

sessions, and avoidance, attraction, or lack of responses observed in the sessions. The 

data for all but two No-RampUp sessions were based on modelling of sounds that would 

have been received if the source had been transmitting when the vessel was just passing 

the whale. During approaches with rapidly changing distances between the source and 

the whale, received SELcum primarily depends upon the highest single-pulse SPL 

received. The whale subject would not have had time to move enough to affect SELcum 

much if it reacted to these high-SPL pings. Thus, the use of full-level sonar sessions 

without ramp-up was not necessary, and arguably unethical, as modelling from No-

Sonar sessions was adequate to estimate the SELcum that would have been received if 

the sonar had been transmitting. These types of experiments at sea are difficult and 

expensive to conduct, which means that compromises have to be made during analysis 

regarding sample size and combinations of conditions that can be tested. No-Sonar was 

always presented first and the two real No-RampUps were presented third (Table 3.1), 

so potential order effects in stimulus presentation may have occurred. 
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Multiple parameters characterise the transmission scheme of a sonar ramp-up (e.g. total 

duration, pulse duration, inter-pulse interval, speed of source) and at present different 

ramp-up schemes are in operation. Only test one scheme could be tested experimentally; 

therefore, the ramp-up scheme was selected based upon considerations of operational 

relevance and a quantitative assessment of risk of effects on hearing impairment. The 

model framework described in (von Benda-Beckmann et al., 2014) was applied with 

parameter values adjusted for humpback whales and sonar source used (see Kvadsheim 

et al., 2011, for details). The pulse duration for ramp-up was also shorter than for full-

power based on the premise that this reduced SELcum and thus risk of causing hearing 

damage but did not affect how loud the pulses were perceived by the whales (von 

Benda-Beckmann et al., 2014). Audibility and perceived loudness are known to increase 

up to signal durations of ~0.3 s in humans (Zwislocki, 1969), with comparable findings 

in other mammals tested to date (Kastelein et al., 2010; Richardson et al., 1995). 

Unfortunately, no such information is available for baleen whales. Even in the absence 

of a loudness effect the differential pulse duration might have had an effect on the 

responsiveness of the animals. However, pulse duration was just one of the parameters 

of the tested ramp-up, and extrapolations of the results of this chapter to other ramp-up 

schemes should always be done with great care. 

 

The sonar source used in this study was previously tested as a prototype sonar system 

on operational Royal Netherlands Navy frigates. Its maximum SL of 214 dB re 1Pa m 

falls in the low end of the range of operational tactical naval sonars (210-240 dB re 

1Pa m; Ainslie, 2010). The concept of ramp uses transmissions at reduced SL to 

decrease the exposure at the animal, and therefore the full-power SL was likely not a 

critical factor in determining whether or not ramp-up is effective. Theoretical modelling 

predicted that the absolute reduction in received level should be greater for higher 

maximum SLs because animals are more likely to respond at greater distances (von 

Benda-Beckmann et al., 2016a). The effectiveness of sonar ramp-up should also be 

determined by factors other than SL such as pulse interval, ship speed, animal swim 

speed, and whether the source is moving or stationary (Ainslie and von Benda-

Beckmann, 2013; von Benda-Beckmann et al., 2014, 2016). Ramp-ups for other types 
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of sources likely have different considerations because animals may respond differently 

to these sounds (e.g. McCauley et al., 2000). 

 

The sound source produced the relatively high received levels at the whale that were 

needed to invoke the behavioural responses; the highest received SELcum recorded by 

the DTAG was 181 dB re 1Pa
2
 s (Fig. 5.1). This value lies substantially below a 

commonly-used criterion for temporary hearing loss onset (195 dB re 1Pa
2
 s; Southall 

et al., 2007). Little is known about the hearing of baleen whales, and it cannot be 

excluded that some of the experimental subjects experienced small temporary 

reductions of hearing sensitivity after RampUp1, which could have reduced their 

responsiveness during RampUp2. However, a small shift in hearing sensitivity should 

have recovered after one hour. The lower responsiveness during RampUp2 was 

therefore more likely caused by habituation, e.g. as a result of a change in the level of 

perceived risk associated with the sonar stimulus. Although an effect of the modest 

sample size cannot be ruled out (only 6 and 3 groups showed avoidance during 

RampUp1 and RampUp2, respectively), parallel analyses of the same dataset found 

evidence for a general tendency of habituation also in other aspects of the humpbacks’ 

behavioural responses (Sivle et al., 2015b). The humpback whales showed much 

stronger avoidance responses, and never attraction, when killer whale sounds were 

played at lower received levels than the sonar, indicating their ability to respond more 

strongly, and differences in perceived risk between the two stimuli (Curé et al., 2015; 

Sivle et al., 2015b). 

 

The dataset used here included three potential mother-calf pairs, as these pairs were 

composed of an adult and a smaller-sized individual that remained closely associated 

with each other throughout the tracking record (Curé et al., 2015). One calf (Fig. 5.3C) 

was substantially smaller than the other two (Figs. 5.3A,B). The whale (mn12_180b) 

that was accompanied by this small calf responded during both RampUp sessions with 

an unusual 3-dimensional avoidance response, which included a descent to >100 m 

depth, without any signs of habituation (Figs. 5.2B, A24). Dive behaviour of the calf 

was not recorded as the calf was not tagged; however, this animal was always in close 

proximity with its presumed mother when she surfaced, and humpback whale calves are 
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likely to ‘follow’ the movements of their mothers under water (Tyson et al., 2012). 

Although anecdotal, this observation illustrates an important point: some subsets of a 

population, e.g. mother-calf pairs (McCauley et al., 2000) with very young calves and 

some taxa, e.g. beaked whales (DeRuiter et al., 2013; Miller et al., 2015a; Stimpert et 

al., 2014; Tyack et al., 2011), are more responsive than others, and ramp-up is most 

effective for these behaviourally sensitive animals (von Benda-Beckmann et al., 2014). 

This holds particularly true for sources that are moving rapidly relative to the animal, 

such as towed and hull-mounted naval sonars, as rapidly approaching ships give the 

animals less time to respond and move away (von Benda-Beckmann et al., 2016a). That 

the other two mother-calf pairs did not show the same strong response might be because 

these calves were older, which would be consistent with a reduction in parental 

investment in favour of foraging activity (Szabo and Duffus, 2008), but might also be 

caused by individual variation. 

 

The observed heterogeneity in behavioural responsiveness to sonar suggests that both 

between- and within-species variation should be taken into account when performing 

environmental risk assessments and evaluation of risk mitigation measures. Similar 

heterogeneity was found in studies with other humpback whales (Dunlop et al., 2013; 

Maybaum, 1989; Miller et al., 2000) and blue whales (Goldbogen et al., 2013b). In 

contrast to the study of Goldbogen et al. (Goldbogen et al., 2013b), the behavioural state 

(feeding/non-feeding) of the whales was not an important predictor in this chapter. In 

13% of sessions, the humpback whales appeared to be attracted to the research vessel or 

sonar stimulus, which increased the sound levels received by the whales. Positive 

reactions of humpback whales to whale-watching have been reported (Watkins, 1986). 

Although whale-watching does generally not occur in the study area, the whales might 

have experienced whale watching on their breeding grounds. In addition, juveniles and 

different cetacean species, e.g. northern bottlenose whales (Hyperoodon ampullatus), 

are sometimes drawn to boats and novel stimuli (Miller et al., 2015a). The current study 

demonstrates that such attraction behaviour reduces the effectiveness of ramp-up 

compared to responses of more skittish animals that are likely to respond quickly and 

move away. 
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Conclusions and recommendations 

Ramping up the source level of a 1.3-2 kHz sonar to the maximum of 214 dB re 1Pa m 

was not an effective method to reduce received levels for humpback whales, because 

humpback whales in general were not very responsive to such signals (Sivle et al., 

2015b). However, clear within-population variation in behavioural responsiveness 

occurred within the sample; some whales avoided the source while others did not, or 

were attracted to it. Based upon an analysis that separated these different types of 

responses, more specific conclusions were drawn about when and how ramp-up is 

effective as a mitigation measure. I conclude that ramp-up can reduce received levels 

and thereby the risk of physiological damage in particularly responsive animals such as 

subsets of the humpback whales population as well as other species. The observation of 

strong avoidance without habituation in the presumed cow with a small calf strengthens 

this conclusion. I therefore encourage the use of ramp-up of naval sonar in breeding 

grounds and other areas with such behaviourally sensitive animals. However, when 

animals have strong motivations not to move away from their current location, ramp-up 

cannot be effective. Other operational mitigation procedures, e.g. warning sounds prior 

to sonar pulses (Nachtigall and Supin, 2013), should be considered in addition to ramp-

up. If the sound following a warning is aversive, then animals may become conditioned 

to avoid it or to reduce their hearing sensitivity. Further, some operational sonars may 

have equipment limitations that preclude the use of ramp-up (Dolman et al., 2009); 

therefore, I recommend that new sonars are designed to include more flexibility in 

transmission schemes and signal types.
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TABLES & FIGURES 

Table 5.1. Details of the stepwise variable selection procedure conducted on the 

extended GEE models for the session’s received maximum sound pressure level 

(SPLmax), received cumulative sound exposure level (SELcum), and minimum source-

whale range (Rmin). The test statistic (χ
2
) and p-value of the factor covariate that was 

dropped at a given step are highlighted in bold typescript. The final, most-parsimonious 

model was achieved for each response variable after 5 steps. 

Response 

variable 

Predictor 

variable 

Step 1  Step 2  Step 3  Step 4  Step 5 

χ
2
 p χ

2
 p χ

2
 p χ

2
 p χ

2
 p 

 SPLmax 

  

  

  

  

  

SessionType 1.4 0.239 1.4 0.239 1.4 0.239         

SessionOrder 1.1 0.286                 

Attraction 4.3 0.037 7.8 0.005 7.8 0.005 8.5 0.004 8.5 0.004 

Avoidance 11.6 0.001 8.8 0.003 8.8 0.003 9.1 0.003 9.1 0.003 

AvoidOrder 4.0 0.046 6.5 0.000 6.5 0.011 6.3 0.012 6.3 0.012 

Feeding 2.4 0.124 2.4 0.011 2.4 0.125 2.5 0.115     

Avoidance: 

Feeding 
1.2 0.281 1.0 0.329             

SELcum 

 

SessionType 0.0 0.948                 

SessionOrder 2.7 0.100 2.1 0.145 2.1 0.145         

Attraction 12.7 0.000 13.0 0.000 13.0 0.000 9.1 0.003 9.1 0.003 

Avoidance 8.1 0.004 7.9 0.005 7.9 0.005 6.4 0.012 6.4 0.012 

AvoidOrder 5.4 0.020 2.5 0.116 2.5 0.116 9.8 0.002 9.8 0.002 

Feeding 2.4 0.122 2.7 0.101 2.7 0.101 2.3 0.134     

Avoidance: 

Feeding 
0.6 0.453 0.7 0.420             

Rmin SessionType 5.3 0.021 5.3 0.021 5.3 0.021 5.3 0.021 5.3 0.021 

SessionOrder 1.2 0.280 1.2 0.280            

Attraction 5.8 0.016 5.8 0.016 7.0 0.008 7.0 0.008 7.0 0.008 

Avoidance 9.5 0.002 9.5 0.002 8.1 0.004 8.1 0.004 8.1 0.004 

AvoidOrder 1.6 0.244 1.6 0.200 2.3 0.133 2.3 0.133     

Feeding 3.0 0.084 3.0 0.084 1.9 0.166         

Avoidance: 

Feeding 
0.0 0.873                 
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Table 5.2. Statistics for the basic GEE models with covariates SessionType and 

SessionOrder, and for the final (most-parsimonious) GEE models. Only significant 

factor covariates, highlighted in bold, were interpreted. 

model covariate 

(reference 

level) 

received maximum SPL received cumulative SEL 

 
estimate SE Z p estimate SE Z p 

basic intercept 168.2 1.0   175.3 0.8   

SessionType 

(No-RampUp) 
−2.2 1.2 3.7 0.055 −1.1 0.6 3.3 0.069 

SessionOrder 

(RampUp1) 
2.1 1.9 1.2 0.284 2.2 1.2 3.3 0.071 

final intercept 168.3 0.7     175.6 0.5     

Attraction 

(absence) 
3.5 1.5 5.1 0.024 2.3 0.5 18.4 <0.0001 

Avoidance 

(absence) 
−5.7 1.6 12.2 <0.001 −3.5 1.0 12.2 <0.001 

AvoidanceOrder 

(during 

RampUp1) 
3.6 1.4 6.6 0.010 3.9 1.1 12.7 <0.001 

SessionType 

(No-RampUp) 
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Table 5.2. Continued. 

model covariate 

(reference 

level) 

minimum source-whale 

range 

 estimate SE Z p 

basic intercept 247.1 33.9   

SessionType 

(No-RampUp) 
144.7 60.1 5.8 0.016 

SessionOrder 

(RampUp1) 
−127.1 107.9 1.4 0.239 

final intercept 287.4 39.8     

Attraction 

(absence) 
−174.9 87.3 4.0 0.045 

Avoidance 

(absence) 
251.0 78.4 10.2 0.001 

AvoidanceOrder 

(during 

RampUp1) 

        

SessionType 

(No-RampUp) 
−80.7 51.9 2.4 0.120 
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Figure 5.1. Received sound exposure levels (SELs) of all the transmitted 1.3-2 kHz 

sonar pulses. Measured levels were calculated from the acoustic recordings made by the 

DTAGs (green) and modelled levels were based on propagation losses (PLs) predicted 

using BELLHOP (black). Single-pulse SELs are shown as dots and cumulative SEL for 

the whole exposure session is shown as a line. The value in the bottom right corner of 

each panel represents the difference in cumulative SEL at the end of the session (i.e. 

measured level – predicted level).  
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Figure 5.2. Three typical examples of humpback whale movement before, during, and 

after sonar exposures: (A) no response (No-Sonar; mn11_158a), (B) avoidance 

(RampUp2; mn12_180b), and (C) attraction and then avoidance (RampUp1; 

mn12_164a). The position of the source (dot) and position of the research vessel towing 

the source (circle) are indicated for each pulse transmission. Note the difference in 

depth scales. See Appendix II for plots of all sessions. 

A B C 
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Figure 5.3. Potential mother-calf pairs: (A) focal whale mn11_160a and an untagged 

adult, (B) focal whale mn11_165e and calf mn11_165f, and (C) focal whale 

mn12_180b and a small untagged calf. 

B

C 

A 
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Figure 5.4. Sound levels received by the tagged whales, expressed as (A) SPLmax and 

(B) SELcum, and the (C) minimum source distance (Rmin) during No-RampUp, and first 

RampUp and second RampUp sessions. Boxplots are overlaid by raw data markers 

indicating the presence of avoidance or attraction. 

 

 

  

 

  

A B C 
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  Chapter 6

General discussion 

 

The overall goals of this thesis were 1) to collect scientific evidence that can inform 

criteria for allowable levels of naval sonar and 2) to test the effectiveness of an 

operational method that is currently in use for mitigating effects of naval sonar on 

marine mammals. Management of risk of anthropogenic noise effects is severely 

hindered by the lack of quantitative information on the hearing abilities of marine 

animals and their behaviour in natural conditions and during anthropogenic disturbance.  

 

Knowledge about behavioural and physiological responses of marine mammals to high-

intensity naval sonar has significantly contributed to the scientific debate about the 

impacts of anthropogenic noise. In this thesis, I have sought to explore specifically the 

potential effects of naval sonar by means of novel experimental and analytical methods 

and using both wild and captive cetaceans. The development of novel methods is 

essential in cetacean research because their fully aquatic lifestyle makes it challenging 

to study these animals in the wild. Research on cetaceans is hampered further by the fact 

that only a handful of animals of a limited number of species are available for captive 

research.  

 

SYNTHESIS OF RESULTS 

The development of the track reconstruction method (Chapter 2) was motivated by the 

need for accurate position estimates during the experimental tests of the effectiveness of 

ramp-up (Chapter 5). Short distances between the sonar source and the tagged 

humpback whales during the controlled exposure experiments were expected a priori, 

and therefore the distance estimates and their variability were likely to significantly 

affect the modelled received sound levels and the conclusions drawn from these 

experiments. But the track reconstruction method was also instrumental for the 

identification of avoidance and attraction responses used in the analyses in Chapters 3 

and 5. Two horizontal avoidance responses may have been missed without the use of 
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the fine-scale movement tracks, which likely had an effect on the dose-response 

function for this type of response (Figs. 3.9 and 3.10).  

 

Chapter 3 quantified the probability of avoidance onset and feeding cessation as a 

function of received sonar dose for 18 exposure sessions with 10 humpback whales. The 

probability of behavioural response may depend upon the frequency of the sound 

stimulus, as all animals perceive sound differently depending on frequency. 

Extrapolating the dose-response functions presented here for 1.3-2 kHz upsweep sonar 

signals towards other signal frequencies is therefore not straight-forward, and the 

mechanism by which response probability should be distributed across the hearing 

range is not known. For example, response probabilities could be extrapolated following 

the assumption that only the received SPL (Fig. 6.1A) or the sensation level (Fig. 6.1B) 

drives the responses. The response probability at each signal frequency could also be 

assumed to increase from 0 at the absolute hearing threshold to 1 at a fixed upper limit 

SPL where the sound becomes unbearably loud (Fig. 6.1C). At least conceptually, this 

latter approach is probably the most consistent with current knowledge on loudness 

perception in normal-hearing humans and other mammals, including with the newly-

derived equal latency contours for a harbour porpoise (Chapter 4).  

  

The effectiveness of ramp-up for moving sonar vessels depends greatly upon the 

behavioural responsiveness of the exposed animal. The sonar dose at the onset of 

response (i.e. the dose-response function), but also the swimming speed and direction, 

and diving behaviour will determine if an avoidance is effective enough for ramp-up to 

reduce risks in animals located near the sound source. The ramp-up of sonar source 

levels did not result in an overall decrease in received sound level or increase in 

minimum source-whale distance in the experimental tests with humpback whales 

(Chapter 5), which is in line with the relatively high avoidance thresholds in these 

animals (Fig. 3.10) compared to those of several other cetacean species tested (Fig. 

3.12). This suggests that the dose-response functions reported for avoidance behaviours 

of other species can be used to provide indications of how effective ramp-up will be for 

these specific species.  
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The SPL dose-response function for avoidance by humpback whales had a p50 value of 

166 dB re 1 Pa (Fig. 3.10). Von Benda-Beckmann et al. (2014) used a theoretical 

modelling approach to investigate the effectiveness of sonar ramp-up in terms of 

reducing the area in which animals are experiencing sound doses high enough to cause 

temporary threshold shift (TTS) or permanent hearing loss. These authors used data on 

natural behaviour of killer whales and their responses to sonar to inform the behaviour 

of the simulated animals, but many of their results can be generalised to other marine 

mammal species. Von Benda-Beckmann et al. (2014) also investigated the effects of 

several dose-response functions on the efficacy of the ramp-ups; including one with a 

very similar p50 value and comparable steepness as the humpback whale SPL function 

(see Fig. 3 of that article). Their simulation study showed that ramp-up prior to a full-

power sonar operation was generally not effective if the avoidance thresholds of the 

exposed population of simulated animals followed this particular dose-response 

function.  

 

In contrast, ramp-up of sonar was effective if the simulated animals were overall more 

responsive (von Benda-Beckmann et al., 2014). Behavioural responses can be 

influenced by many factors relating to the environmental or individual context of the 

exposed animal (Ellison et al., 2012; Radford et al., 2016; Richardson et al., 1995). 

Chapters 3 and 5 in this thesis provided evidence that the novelty of the sound stimulus, 

the animal being in a non-feeding state, and the presence of a small calf increased 

responsiveness for humpbacks (although the latter conclusion is based on only one 

mother-calf pair). Therefore, the effectiveness of ramp-up may be higher for a particular 

subset of the humpback whale population, and similar heterogeneity in responsiveness 

can likely be found in other species and populations.  

 

Dose-response functions specific to behavioural state (feeding / non-feeding) and short-

term exposure history were presented (Fig. 3.10). Such context-specific dose-response 

functions may improve predictions of behaviour responses if they are combined with 

information about temporal and spatial variability in the prevalence of these certain 

contexts. For example, humpback whales around the western Antarctic Peninsula 

predominantly feed at night late in the feeding season (Friedlaender et al., 2013), while 
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humpback whale mother-calf pairs may use nearshore waters such as Exmouth Gulf, 

Australia as resting areas (McCauley et al., 2000). Responsiveness to novel stimuli and 

changes in tolerance levels over time may be especially important for understanding the 

potential differences between areas with much naval activity and areas that are 

relatively pristine to sonar exposure (Miller et al., 2015b). However, this part of the 

analysis also highlighted an important limitation of tagging studies with cetaceans, 

which generally have small sample sizes. Clear differences amongst the context-specific 

dose-response functions were apparent (Fig. 3.9), but the samples sizes of the subsets 

were too small for the derivation of robust conclusions about the effects of the contexts. 

 

METHODOLOGICAL CONSIDERATIONS 

Very few cetacean studies have used Fastloc-GPS in combination with other movement 

sensors (but see McKenna et al., 2015). This will likely change when more multi-sensor 

tags will incorporate Fastloc-GPS into their sensor package. As a result, the demand for 

integrative methods for multi-variate movement data is likely to increase in the near 

future. Fine-scale movement tracks of cetaceans have the potential to fill interesting 

knowledge gaps, e.g. about predator movements in relation to prey fields, dynamics of 

group movement, impacts of human disturbance, and foraging effort and success.  

 

The track reconstruction method developed in Chapter 2 had a satisfactory performance 

for all humpback whale data sets, even though they included different degrees of data 

coverage, data quality and apparent environmental conditions. Good overall 

performance is vital for such analytical methods because the data collected by inertial, 

speed and positioning sensors may be affected by various sources of error. The model 

framework was written in BUGS language and models were fitted in the standard 

software program JAGS using Bayesian methods. As a result, model fitting may 

become relatively slow when tracks contain many Fastloc-GPS positions (Table 2.1). 

Other disadvantages are the need for pre- and post-processing of the time series, and 

some tendency to underestimate the uncertainty in location at times between position 

fixes. However, adapting the model framework is relatively easy, and the track 

reconstruction method has potential application beyond humpback whales and beyond 

the data recording systems used. 
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The noise separation method of von Benda-Beckmann et al. (2016b) was used to assess 

if noise levels recorded on the DTAG were affected by flow noise (Chapter 3). This 

method proved to be a useful tool, as it enabled the estimation of dose-response 

functions for signal-to-noise ratio. The method was not yet available when the track 

reconstruction model was developed; it could have been used to obtain more reliable 

estimates of speed-through-water when the tagged whale was very close to the surface. 

Estimates of the ambient noise are often a missing component in behavioural response 

studies with tagged animals, so the method may be used in future studies to more fully 

describe the ambient noise field. 

 

The use of a simple optical sensor system to measure the underwater reaction times of 

the harbour porpoise was another novel technique used in this thesis (Fig. 4.3). The 

intensity of the infrared light was amplitude-modulated by an integrated circuit, making 

the detector impervious to disturbing external light. Reaction times recorded during a 

trial period were found to be affected by algal growth, so from then on the sensor was 

cleaned daily during the data collection period. The sensor system did not have 

components that may have suffered from changes in water temperature or mechanical 

fatigue and was found to recorded precise measurements of underwater reaction time to 

the sound stimuli, so this technique may be useful for future investigations. 

 

IMPLICATIONS FOR MANAGEMENT 

Quantitative data on the potential effects of anthropogenic sound on cetaceans remains 

limited (Nowacek et al., 2007), so the information reported here about dose-response 

functions for behaviour, loudness perception based on reaction times, and the 

effectiveness of sonar ramp-up may have important management implications. The 

reported dose-response functions and weighting functions can be used to inform noise 

exposure guidelines for behavioural impacts of tonal sounds on low- and high-

frequency cetaceans. The results of the ramp-up study are especially relevant for 

establishing mitigation strategies for fast-moving sound sources. The detailed 

information on the movement responses of the humpback whales may also be useful; 

for example, for improving modelling efforts that are aimed at predicting the risk of 
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ship strikes (e.g. Bezamat et al., 2014) and predicting the number of marine animals that 

will be negatively affected by anthropogenic noise exposure (e.g. Frankel et al., 2016; 

Wartzok et al., 2012). 

 

The similarity in dose-response functions between onset of avoidance and cessation of 

feeding suggested that horizontal displacement and reductions in feeding occurred at 

similar disturbance levels in humpback whales, even if these responses do not occur at 

the same time. This prediction is consistent with the severity scale of Southall et al. 

(2007), which assigned the same level of importance to these two response types. 

Comparison with published dose-response functions for other marine mammals 

indicated that the humpback whales were relatively unresponsive in general, so 

behavioural disturbance may be expected to occur at smaller distances and at higher 

received sound levels in this species compared to other marine mammals. A minority of 

humpback whales were predicted to respond at relatively low received levels; for 

example, about 20% of responses corresponded to received SPLs of <140 dB re 1 Pa. 

However, whether biologically significant impacts can be inferred from the short-term 

responses described here remains to be determined.  

 

Compared to the first sonar exposure session, response thresholds measured during the 

second sonar exposure sessions were higher for most humpback whales but lower for 

the mother with the small calf. This difference suggested that the transmitting sonar 

source (source level: 214 dB re 1 Pa m) was generally perceived by humpback whales 

as having a low risk, but that behavioural responsiveness in some animals including 

mothers with young calves may escalate over time when the sonar exposure continues. 

Mothers with young calves may be particularly vulnerable to disturbance, so reducing 

impacts to these animals should be high priority for management of sonar effects and 

other conservation efforts. 

 

A set of frequency weighting functions for marine mammals, known as “M-weighting”, 

have been widely used in the assessment of anthropogenic noise impacts (Southall et al., 

2007). These weighting functions are based upon the functional hearing ranges of 

species groups and are relatively wide; they effectively apply no weighting over a wide 
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range of frequencies in which animals are expected to have some hearing sensitivity. As 

a result, M-weighting is conservative, i.e. over-protective towards the animals, when a 

given sound exposure is compared to an established risk criterion or safety limit, but it 

is not when applied to research data to obtain the risk criteria themselves (Tougaard et 

al., 2015b). The opposite may occur when audiogram-based frequency weighting is 

used, as this method is more likely to produce filter characteristics that are too narrow 

compared to the optimal weighting functions.  

 

Tougaard et al. (2015) proposed that two different weighting functions could be applied, 

one for establishing the noise criterion from research and one for comparing the 

criterion to a proposed sound exposure. Ideally, sound exposure guidelines for marine 

mammals should include a single weighting function per species group, which matches 

the frequency response of the auditory system of the average animal. The natural choice 

would be a weighting function based upon equal loudness, analogous to A-weighting 

used for humans, but equal loudness contours currently only exist for one marine 

mammal (Finneran and Schlundt, 2011) and the collection of such data is highly 

impractical.  

 

The general pattern of flattening of equal-loudness contours towards higher levels, seen 

in humans and Tursiops, matched the pattern in the equal latency contours of the 

harbour porpoise at frequencies below 40 kHz (Chapter 4), suggesting good 

correspondence between the perceived loudness of the sound stimulus and the reaction 

time it elicited in the animal for this frequency range. The derived weighting functions 

generally had a smaller low-frequency slope than the audiogram. Therefore, these equal 

latency data supported their use as proxies for equal loudness and the integration of 

these data in sound exposure criteria for marine mammals (as in the recent draft 

guidelines of NOAA, 2015). The comparisons of the equal latency contours with a 

small number of TTS onset thresholds and several behavioural response onset 

thresholds also tentatively supported the theoretical expectation that the equal loudness 

contours of the porpoise flatten towards higher perceived loudness levels.  
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In a recent study, Mulsow et al. (2015) derived the underwater equal latency contours of 

two bottlenose dolphins and in-air equal latency contours of three California sea lions. 

Increased compression of the equal latency contours was observed toward lower test 

frequencies in the sea lions, but not in the bottlenose dolphins. The reaction times 

generally tended to an asymptote with increasing SPL relatively quickly in both species, 

so the authors calculated the equal latency contours only at sensation levels up to ~40-

50 dB. Similar patterns in reaction times have been occasionally reported for humans 

(e.g. Epstein and Florentine, 2006; Wagner et al., 2004), although most studies with 

humans and non-human animals have observed less pronounced asymptotes of reaction 

time (e.g. Marshall and Brandt, 1980; Pfingst et al., 1975; Stebbins, 1966; Wagner et 

al., 2004) (Fig. 4.5).  

 

This difference may be caused by methodical differences including the species, 

stimulus, response types or psychoacoustic methods. For example, compared to the 

study on the harbour porpoise in Chapter 4, Mulsow et al. (2015) used shorter random 

waiting times and stimulus rise times, and generally narrower ranges of SPLs. In 

addition, the reaction times measured in the bottlenose dolphins were for vocal 

responses and not for motor responses, and these animals were significantly older (20-

30 years) compared to the harbour porpoise (6-7 years) and the sea lions (2-5 years). 

Reaction times may be more easily affected by factors other than the loudness of the 

sound. Future studies on the influence of ‘context variables’, such as motivational state, 

physiological state, age, signal characteristics and background noise transients, on 

reaction times would greatly improve our understanding of the benefits and limitations 

of using frequency weighting based upon equal latency data.  

 

Navies use ramp-up for moving source vessels to reduce risks of hearing injury in 

animals that are directly in the path of the vessel. Ramp-up therefore cannot be effective 

for animals at the side or behind the ship, and ramp-up is unlikely to reduce other types 

of impact. The most precautionary approach to naval sonar mitigation would probably 

comprehend a mitigation strategy that includes ramp-up and other protective measures 

that are implemented in the planning stage of a sonar exercise, in real-time during the 

operation, or after the sonar exercise is completed (Dolman et al., 2011). Besides ramp-
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up, real-time operational methods may include reductions of sound levels at the source, 

warning sounds that are aimed at conditioning animals to avoid the source or reduce 

their hearing sensitivity during loud exposures (Nachtigall and Supin, 2013), and ‘pre-

watch periods’ and ‘shut-downs’ based upon passive acoustic and/or visual monitoring 

of animals for the purpose of maintaining an ‘exclusion zone’ around the source. 

Monitoring using static acoustic recorders and from independent platforms such as other 

ships, gliders and autonomous underwater vehicles can be used to monitor animal 

presence over larger areas. 

 

Evaluations of the effectiveness of risk mitigation methods for anthropogenic noise 

exposure to marine mammals are rarely conducted. Such evaluations are important for 

effectively balancing the costs and benefits of mitigation methods and to optimise 

mitigation strategies for a given noise-producing activity. Several variants of a 

mitigation method are generally in use. Therefore, the best approach for establishing the 

effectiveness of a mitigation method is likely to be a combination of carefully-designed 

experimental studies (Chapter 5; Götz and Janik, 2015), longitudinal (observational) 

studies (e.g. Stone, 2015) and computer simulations based on empirical data (Frankel et 

al., 2016; Leaper et al., 2015; von Benda-Beckmann et al., 2014). 

 

Conclusions about the parameters that define an effective ramp-up for moving naval 

sonar vessels can be drawn from the experimental work in Chapter 5 and the theoretical 

work of von Benda-Beckmann et al. (2014, 2016a). In short, a ramp-up that effectively 

mitigates risks of physiological damage will be transmitted at a low ship speed so that 

the relative displacement of the animal is large. In addition, this ramp-up will have a 

relative short total duration, a low source level at the start of the ramp-up, relative short 

pulse durations to reduce the cumulative sound exposure level (SELcum) while 

maintaining the loudness of the single pulse, an aversive signal type such as an upsweep 

(Briefer, 2012; Kastelein et al., 2014), and an intermediate pulse interval that balances 

the contribution to the SELcum with the need to avoid long silences between successive 

pulses. Effective ramp-ups for stationary naval sources such as helicopter dipping 

sonars will have different considerations, and will generally include a longer total 

duration (Ainslie and von Benda-Beckmann, 2013).
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FIGURES 

Figure 6.1. Three examples of how probability of response could be distributed across 

the hearing range of humpback whales. Extrapolations to frequencies outside the tested 

sonar band (1.3-2 kHz; blue vertical bars) were made by assuming (A) a SPL-response 

function that was constant across frequency, (B) a sensation level-response function that 

was constant across frequency or (C) a scaled SPL-response function with a fixed upper 

limit at 200 dB re 1 Pa. Examples were created by extrapolation of the dose-response 

function for avoidance onset (panel D; blue line). The shape of the audiogram (black 

line) is based on the idealised hearing curve for low-frequency cetaceans presented by 

NOAA (2015); its maximum sensitivity was anchored at 60 dB re 1 Pa based on the 

expected hearing abilities of the whale under very low ambient noise conditions.  
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APPENDICES 

 

Appendix I. Full horizontal tracks and movement parameters for each whale 

Figures A1-A13. Shown on the left are the full, most probable track (i.e. the posterior means 

of x) and a detailed view of a section of the track. Visual position fixes were derived from 

ranges that were estimated by eye or measured using a laser range finder (LRF). Information 

only shown in the detailed view: GPS positions of the observation boat, computed whale track 

realisations, and most probable whale positions at the times of the fixes (  ) with their 95% 

confidence ellipses (Jackson, 1991). Movement parameters of the track are shown in the 

panels on the right: (from top to bottom) the whale’s body pitch and heading angles measured 

in the Earth frame, the whale’s speed-through-water derived from flow noise, the uncorrected 

velocity of the whale, the posterior mean velocity correction with 95% credibility intervals 

(CIs), and the depth of the whale (z-axis coordinate of its position). Note that the scale of the 

depth axis differs per whale. 

 
Figure A1. 
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Figure A2. 

 
Figure A3. 
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Figure A4. 

 
Figure A5. 
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Figure A6. 

 
Figure A7. 
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Figure A8. 

 
Figure A9. 
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Figure A10. 

 
Figure A11. 



  xxii 

 
Figure A12. 

 
Figure A13.  
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Appendix II. Horizontal tracks and dive profiles for each exposure session 

Figures A14-24. Horizontal movement tracks (top) and time-depth profiles (bottom) of the 

whales during the different exposure sessions. Positions of the source vessel (black circles) 

and towed sonar source (black dots) corresponding to individual sonar pulses are shown. 

Blue, red and green colour-coding indicate whether the whale’s movements were from before, 

during, or after sonar exposure, respectively. The origin (Northing=0; Easting=0) corresponds 

to the position of the whale at the start of the pre-exposure baseline period. Also indicated is 

which exposure sessions include a scored behavioural response (Avoidance or Attraction to 

the source based on this study; or cessation of Feeding based on Sivle et al. 2015). Lunge 

feeding events of the focal whale are shown with black markers on the dive profile. For 

sessions with two tagged whales, the horizontal movement tracks and/or time-depth profiles 

of the non-focal whale are shown with dashed lines; magenta markers on the dive profile 

indicate feeding events of the non-focal whale. Note that the maximum depth of the panels 

varies across figures. See Table 3.1 for additional information on each exposure session, such 

as session type (i.e. No-Sonar, No-RampUp, or RampUp).  

 

 

 

Figure A14. Experiment 1, mn11_157a 
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Figure A15. Experiment 2, mn11_158a 

 

 

Figure A16. Experiment 3, mn11_160a 
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Figure A17. Experiment 4, mn11_165e and f. Tag e was attached to the focal animal. 

Response in session #1 was scored as “low-confidence” by Sivle et al (2015) because only 

one animal stopped feeding. 

 

 

Figure A18. Experiment 5, mn12_161a 
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Figure A19. Experiment 6, mn12_164a 

 

 

Figure A20. Experiment 7, mn12_170a and b. Tag b was attached to the focal animal. 
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Figure A21. Experiment 8, mn12_171b 

 

 

Figure A22. Experiment 9, mn12_178a. The whale breached 9 minutes after the end of 

session #3, which resulted in a premature tag release. 
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Figure A23. Experiment 10, mn12_179a. The whale breached 9 minutes and 41 s after the 

start of session #3, 1 s after the penultimate sonar pulse. 

 

 

Figure A24. Experiment 11, mn12_180b 
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Appendix III. Report of the DTAG acoustic calibrations 

 

Measurement report of the DTAG acoustic calibrations in 

2011-2013 (tag IDs 235, 237, 238, 241, 242, 243, 246) 

 

 

Author: 

 Paul Wensveen (pw234@st-andrews.ac.uk), SMRU 

Test Facility: 

 Anechoic basin of TNO Acoustics and Sonar, The Hague, The Netherlands. 

 Pool technician: Wim Groen, TNO 

Measurement dates: 

 1 and 4 April 2011 

 8-9 May 2012 

 2 May 2013  

 

 

Introduction 

The overall objective of the second phase of the 3S project (3S-2) was to investigate 

behavioural reactions of cetaceans to low-frequency (1-2 kHz) active sonar signals, in order to 

establish safety limits for sonar operations. To fulfil this objective, whales were tagged with 

miniature sound and orientation-recording tags (DTAGs; version 2).  The DTAG, developed 

at WHOI, is a non-invasive tag that can record sound, pressure, as well as 3D accelerometer 

and 3D magnetometer information. Each tag is equipped with a 16-bit resolution sigma-delta 

analog-to-digital converter (ADC) with an anti-aliasing filter. The acoustic sensitivity of the 

DTAG recording chain (hydrophones and signal processing electronics) has to be known to 

calculate the sound levels of the sonar signals recorded by the DTAGs.  

 

These second-generation DTAGs have either one larger hydrophone to record mono audio 

data at 96 kHz max (‘low-frequency (LF) tags’) or two smaller hydrophones to record stereo 

audio data at 192 kHz max (‘high-frequency (HF) tags’). Here we report methods and results 

of acoustic calibration tests conducted with three LF tags (IDs 237, 238 and 241) and four HF 

mailto:pw234@st-andrews.ac.uk
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tags (IDs 235, 242, 243, 246). Calibrations were conducted in the weeks before the annual 3S 

research trials in 2011, 2012, and 2013. 

 

 

Methods 

 

Acoustic basin and tag position 

 

Calibration measurements were performed in the anechoic basin (10×8 m² × 8 m deep) at 

TNO Acoustics and Sonar, The Hague, The Netherlands. The pool contained fresh water 

during the measurements. In the tank the disadvantage of boundary reverberations for middle 

and high frequencies are limited as the inside walls and bottom of the tank are covered with 

an anechoic lining (figure 1).  

 

Figure 1. The anechoic basin when it was empty. 

 

The acoustic receiving sensitivity of the DTAGs was determined using a comparison 

calibration technique. All measurements were made with the tag inside a standard DTAG 

housing (or, “fairing”) with suction cups attached, which also included the standard flotation 

foam with VHF radio transmitter. Test signals were first recorded using a calibrated reference 

hydrophone that was positioned at a depth of ~350 cm and at a distance of ~230 cm from the 

source, in the acoustic axis of the projector. This reference hydrophone was then replaced by 

the tag, and the DTAG hydrophone(s) were placed at the same position in the pool as the most 

sensitive part of the reference hydrophone.  
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Each tag was strapped to a metal rail that was mounted onto a motorised rotating axis. Air 

bubbles that are trapped inside the housing of the DTAG may influence its acoustic 

sensitivity. Therefore, before each new series of measurements, 1) the tag was submerged in a 

bucket of water and shaken to remove the air bubbles, 2) the tag was attached to the metal rail 

under water with cable ties (figure 2), and 3) the fillet bucket with the tag was lowered into 

the water and then removed below the pool’s water surface, so that the tag stayed submerged 

and air could not re-enter the housing. A porous polyethylene layer was placed between the 

tag and the rail to reduce mechanical coupling. 

 

 
Figure 2. A DTAG submerged in the bucket of water. 

 

 

The broadband frequency response of the tags was measured with the DTAG hydrophones 

pointing straight towards the sound source (defined as heading 0°) and the tag positioned 

horizontally (pitch, roll: 0°). The receiving directivity patterns were measured in the XY and 

XZ planes by varying the respective heading and pitch angles of the tag (figure 3). Directivity 

was measured at source angles between 0-360° (XY plane) or 0-180° (XZ plane; from front to 

top to back) in 20° steps. 
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Figure 3. Measurements of the (left) XY-plane and (right) the XZ-plane. 

 

 

Equipment setup 

 

For details about the transmitting equipment chain (transducer, amplifier, signal generators) 

and the receiving chain (reference hydrophones, amplifier, data-acquisition system), see table 

1 below. The internal gain of the DTAGs was set to 12 dB for LF tags and 0 (channel 1) and 

12 dB (channel 2) for HF tags. 

 
Table 1: Equipment and settings used to transmit and record the signals 
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Transmitting chain 

 
Settings / comments 

B&K 1027 sine random generator (for 

pink noise) 

Output 0.5 Vrms, bandwidth 0.02-20 kHz 

HP 3314A function generator (for tone 

bursts, in 2011) 

Output 1.42 Vpeak, on manual trigger burst mode, number 

of cycles was varied to obtain 10 ms 

Agilent 33120A function generator (for 

tone bursts, in 2012-3) 

Output 1 Vpp 

B&K 2713 power amplifier Gain 20-26 dB 

RANA inductive moving-coil transducer TNO custom-built moving coil transducer, resembles a 

USRD J-9 

  

Receiving chain 

 

Settings / comments 

B&K 8101 hydrophone (in 2011-2) s/n 783889 (2011). Calibration chart in figure 7 

s/n 783882 (2012). Calibration chart in figure 8 

B&K 2610 measuring amplifier (in 

2011-2) 

Gain 30-40 dB 

Reason TC4032-1 hydrophone (in 2013) s/n 5003146, with built-in pre-amplifier 

See Table 9 for calibration values 

Reason EC6073 input module (in 2013)  

APx521 data-acquisition system Input range 3.2 Vrms ∙ 2(1/2) ~= 4.53 V, sample rate 624 kHz, 

resolution 24 bits, 2 channels 

Dell Precision laptop  APx500 v2.7 or v3.0 software 

 

 

Acoustic signals and analysis 

 

Broadband pink noise was used as calibration signal to obtain the tag’s broadband sensitivity 

as function of frequency. Digital recordings of the noise were analysed in 1/3-octave bands 

with centre frequencies between 0.25 and 16 kHz. The RMS amplitude in each 1/3-octave 

band was obtained by integration of the spectral densities in the band. These spectral densities 

were calculated from the noise signal by averaging data over time periods of at least 1 min. 

To obtain the directivity patterns, we used a 10-ms tone burst of 1.5, 6.5 or 15 kHz as the 

calibration signal. The RMS amplitude of each tone burst was based on a steady portion of the 

signal that occurred during the first 3.4 ms (= the difference in travel time between the direct 

path and the shortest indirect path) of the signal. The first cycles of the waveform were 

excluded so that the amplitude was not influenced by effects related to transducer onset 

(figure 4).  
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Figure 4. Example of a pulse, with between the dashed lines the selected steady portion. 

 

 

 

The sound pressure level (SPL) was calculated from the signals received on the reference 

hydrophone: 

 

 SPL = 20log10(RMSref) – Gref – Sdaq – Sref  

 

where Gref is the amplifier gain in dB, Sdaq is the sensitivity of the data-acquisition system in 

dB re 1/V, and Sref is the voltage sensitivity of the reference hydrophone in dB re V/μPa. The 

voltage sensitivity of the reference hydrophone for the frequency of the tone burst or centre 

frequency of the 1/3-octave band was taken from the calibration chart of the hydrophone 

(appendices A-C).  

Because the SPL on the reference hydrophone and DTAG hydrophones is assumed to be 

identical, the DTAG sensitivity Stag becomes: 

 

 Stag = 20log10(RMStag) – Gtag – SPL  

 

where Gtag is the DTAG internal gain in dB. Reported sensitivity values for the tags 

correspond to the acoustic sensitivity when the DTAG internal gain is set to 0 dB. The 

sensitivity of the DTAG is expressed in dB re μPa
-1

 because the reference value of the decibel 

is expressed in “wavunits” per micropascal.  

 

All measurements were performed by Paul Wensveen (SMRU) and Wim Groen (TNO), with 

support of Lise Sivle (IMR, Norway) and Filipa Samarra (SMRU) in 2012.  

 

 

Results: Frequency response curves 

The low-frequency DTAGs with one hydrophone were calibrated in all three measurement 

year (tag 237 and 238) or in the first two years (tag 241). The mean (±SD) sensitivity across 

the sonar band (1-2 kHz) of tags 237, 238 and 241 was -185.4±2.6, -182.2±1.5, and -

181.4±1.6 dB re 1Pa
-1

, respectively (figure 5). The frequency response across the whole 

band (0.25 to 16 kHz) averaged over all three LF tags was flat ±3.1dB, with a mean 

sensitivity of -183.6 dB re 1Pa
-1

.      
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Figure 5. Calibration curves for LF tags. Data for figures can be found in table 3.
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Figure 6. Calibration curves for HF tags. Data for figures can be found in table 3. 

 

The high-frequency DTAGs with two hydrophones were calibrated in two years (tag 242) or 

only in one year (tags 235, 243 and 246). Figure 6 shows only results for channel 2 (the 

channel with 12 dB gain) because the spectra of the noise received on channel 1 (no gain) did 

not exceed the noise floor by enough to provide reliable sensitivity estimates.   

 

Results for tag 242 were comparable between years, except at frequencies above 8 kHz. Its 

mean (±SD) sensitivity across the sonar band (1-2 kHz) was -189.5±2.1 dB re 1Pa
-1

. Tags 

235, 242 and 246 all had similar sensitivities with, on average, a flat (±2.8dB) frequency 

response across the whole tested band (0.25 to 16 kHz) and a sensitivity of -190.3 dB re 1Pa
-

1
. Thus, the HF tags were less sensitive than the LF tags by ~6 dB. Overall, these results are 

consistent with the previous estimate of -188±5dB dB re 1Pa
-1

 for HF tags inside their 

housing, based on calibration tests of tags 218 and 227 to 230 without housing at TNO and of 

tags 220 and 227 to 230 with and without housing at NUWC.  

 

Tag 243 was a clear outlier with a reduced sensitivity over the whole frequency band (figure 

6). The reason for this is unknown, but the difference may have been caused by the tag itself 

(hydrophone, pre-amp, ADC) or by air trapped between the tag and the housing.     
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Receiving directivity patterns 

The directivity patterns were generally similar across the 6 tags tested (3 LF tags, 3 HF tags) 

within each test frequency (tables 2,3,4,5). Table 2 below summarises the results averaged 

across tag IDs for each type of tag and plane. As expected, the directivity of the tags increased 

with frequency. At an angle of 180°, directly on the other side of where the hydrophones are 

placed, sensitivity was 2-3dB higher (1.5 kHz), 4-6dB lower (6.5 kHz), and 14-17dB lower 

(15 kHz) compared to 0°.  

 

The directivity patterns of single LF tags (tables 6 and 7) show both similarities between 

years, likely caused by the tag inside the housing, and differences between years, more likely 

caused by the different housings, trapped air bubbles, or different measurement conditions. 

Differences due to the position of the two hydrophones in the stereo HF tags were apparent 

but minor (table 8). 
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Table 2. Average receiver directivity relative to 0° in the horizontal (left) and vertical (right) plane tested. Data 

for LF tags are averages over 6 data sets (3 tags, 2 years). Data for HF tags are averages over 3 data sets (3 tags 

in 2012). Data for figures can be found in tables 4 and 5. 

 XY plane (heading) XZ plane (pitch) 

LF 

tags  

(IDs 

237, 

238, 

241) 

  

HF 

tags  

(IDs 

235, 

242, 

246) 
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Table 3. Sensitivity (dB re 1 Pa1) of the whole DTAG recording chain (hydrophone, pre-amp, ADC) for all tags when the source was at an angle of 0°.  Values 

correspond to the sensitivity when the DTAG gain is set to 0 dB. Values for channel 1 of the high-frequency tags should not be used (see text). 

f 

(Hz) 

2011 2012 2013 

Low-frequency tags High-frequency tags LF tags High-frequency tags 

237 238 241 237 238 241 

235 242 246 

237 238 

242 243 

Ch.1 Ch.2 Ch.1 Ch.2 Ch.1 Ch.2 Ch.1 Ch.2 Ch.1 Ch.2 

250 

-

187.8 

-

186.2 

-

185.9 

-

185.7 

-

186.2 

-

185.9 

-

193.2 

-

195.2 

-

201.3 

-

197.7 

-

192.9 

-

196.5 

-

189.9 

-

189.6 

-

197.4 

-

197.3 

-

193.4 

-

200.6 

315 

-

185.6 

-

184.7 

-

184.5 

-

183.6 

-

183.3 

-

184.0 

-

190.8 

-

192.3 

-

200.0 

-

195.2 

-

190.3 

-

193.9 

-

186.0 

-

186.0 

-

194.9 

-

194.3 

-

192.4 

-

198.7 

400 

-

181.5 

-

183.1 

-

182.6 

-

181.9 

-

180.9 

-

181.0 

-

188.1 

-

188.5 

-

196.6 

-

192.1 

-

188.3 

-

191.1 

-

184.1 

-

184.0 

-

194.4 

-

191.0 

-

189.6 

-

206.0 

500 

-

179.4 

-

181.0 

-

180.8 

-

180.9 

-

180.2 

-

180.3 

-

187.4 

-

187.0 

-

197.8 

-

191.2 

-

187.4 

-

189.7 

-

183.3 

-

181.8 

-

190.9 

-

188.8 

-

187.6 

-

198.9 

630 

-

178.0 

-

178.1 

-

178.1 

-

180.3 

-

180.6 

-

179.4 

-

186.4 

-

186.6 

-

197.4 

-

190.7 

-

186.1 

-

188.1 

-

182.4 

-

180.0 

-

188.5 

-

187.7 

-

187.4 

-

199.1 

800 

-

180.3 

-

178.9 

-

179.0 

-

178.5 

-

180.3 

-

179.0 

-

184.8 

-

183.3 

-

194.0 

-

189.7 

-

185.2 

-

186.1 

-

184.3 

-

180.4 

-

191.6 

-

190.2 

-

187.2 

-

192.3 

1000 

-

181.3 

-

182.3 

-

180.5 

-

180.5 

-

184.6 

-

179.0 

-

187.6 

-

187.7 

-

197.3 

-

193.0 

-

184.8 

-

186.4 

-

186.8 

-

182.0 

-

189.9 

-

189.1 

-

187.4 

-

191.6 

1250 

-

185.4 

-

181.6 

-

181.6 

-

188.4 

-

183.4 

-

181.7 

-

188.5 

-

190.7 

-

196.0 

-

189.8 

-

186.4 

-

188.5 

-

185.3 

-

181.5 

-

196.6 

-

191.8 

-

186.8 

-

197.8 

1600 

-
185.3 

-
183.7 

-
184.6 

-
188.6 

-
180.0 

-
181.8 

-
186.6 

-
186.9 

-
192.4 

-
186.2 

-
189.6 

-
192.1 

-
184.6 

-
182.6 

-
192.1 

-
188.5 

-
186.7 

-
203.3 

2000 

-

185.4 

-

180.9 

-

180.7 

-

188.5 

-

180.3 

-

181.4 

-

188.8 

-

188.3 

-

195.5 

-

189.1 

-

190.7 

-

192.5 

-

184.7 

-

183.8 

-

190.8 

-

188.9 

-

186.8 

-

208.4 

2500 

-

187.5 

-

180.6 

-

180.6 

-

186.8 

-

179.3 

-

181.2 

-

188.6 

-

187.9 

-

193.6 

-

190.4 

-

192.4 

-

192.5 

-

183.7 

-

184.5 

-

191.9 

-

189.4 

-

189.6 

-

208.8 

3150 

-

188.2 

-

180.9 

-

183.0 

-

188.0 

-

181.4 

-

180.6 

-

187.5 

-

188.4 

-

193.5 

-

190.7 

-

191.4 

-

191.5 

-

187.7 

-

185.1 

-

191.9 

-

191.0 

-

193.5 

-

205.6 

4000 

-

186.9 

-

180.1 

-

181.7 

-

188.2 

-

182.3 

-

179.7 

-

185.9 

-

187.2 

-

192.8 

-

190.1 

-

190.8 

-

191.2 

-

186.4 

-

184.5 

-

192.2 

-

190.8 

-

193.1 

-

208.6 

5000 

-

186.5 

-

180.9 

-

183.4 

-

190.1 

-

182.9 

-

181.6 

-

186.1 

-

186.9 

-

192.8 

-

191.2 

-

191.9 

-

192.8 

-

186.8 

-

185.7 

-

192.8 

-

191.8 

-

195.2 

-

205.7 

6300 

-

185.1 

-

184.0 

-

185.6 

-

190.6 

-

182.4 

-

183.2 

-

186.9 

-

187.4 

-

191.6 

-

190.9 

-

191.8 

-

191.9 

-

187.4 

-

186.1 

-

192.9 

-

191.5 

-

196.2 

-

204.0 

8000 - - - - - - - - - - - - - - - - - -
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185.2 183.9 184.7 189.1 181.1 182.1 186.6 187.2 189.8 188.7 190.8 191.6 185.9 184.0 194.0 191.6 198.2 206.2 

1000

0 

-

186.2 

-

183.7 

-

183.1 

-

187.9 

-

180.4 

-

179.7 

-

186.4 

-

186.7 

-

189.2 

-

188.0 

-

191.1 

-

190.8 

-

188.2 

-

184.7 

-

194.0 

-

192.2 

-

195.7 

-

202.7 

1250

0 

-

184.9 

-

183.3 

-

182.2 

-

187.5 

-

181.6 

-

180.2 

-

186.6 

-

187.6 

-

189.5 

-

188.7 

-

189.6 

-

189.8 

-

190.1 

-

187.6 

-

194.7 

-

193.4 

-

198.9 

-

204.8 

1600

0 

-

184.4 

-

183.2 

-

183.3 

-

187.9 

-

183.3 

-

181.4 

-

186.7 

-

187.6 

-

191.0 

-

190.1 

-

191.2 

-

191.0 

-

190.7 

-

189.2 

-

196.2 

-

196.4 

-

200.2 

-

201.2 
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Table 4. Average receiving directivity for in the XY plane for difference heading angles 

Angle Low-frequency tags High-frequency tags 

deg dB re 0 deg 

Channel 1 Channel 2 

dB re 0 deg dB re 0 deg 

  1.5 kHz 6.5 kHz 

15 

kHz 1.5 kHz 6.5 kHz 

15 

kHz 1.5 kHz 6.5 kHz 

15 

kHz 

0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

20 -0.1 -0.2 -0.6 -0.1 0.1 -0.6 -0.2 -0.2 -0.6 

40 -0.5 -0.2 -1.5 -0.1 0.1 -1.7 -0.3 -0.5 -1.7 

60 -0.7 -0.3 -2.5 -0.1 0.0 -2.8 -0.3 -0.9 -3.2 

80 -0.8 -0.7 -3.8 0.2 -0.4 -4.2 0.0 -1.5 -4.8 

100 -0.4 -1.5 -5.0 0.6 -1.1 -5.6 0.5 -2.6 -6.1 

120 0.4 -3.0 -7.2 1.4 -2.7 -6.9 1.3 -4.2 -8.3 

140 1.3 -4.6 -11.1 1.9 -4.5 -9.6 1.8 -5.2 -11.4 

160 1.9 -4.8 -14.7 2.4 -5.1 -13.5 2.0 -5.1 -15.4 

180 2.1 -4.4 -13.9 2.6 -4.9 -14.5 1.9 -5.0 -14.9 

200 1.8 -4.4 -14.3 2.6 -5.2 -16.6 1.5 -4.6 -12.0 

220 1.1 -3.5 -9.4 2.2 -4.8 -11.6 0.8 -2.9 -7.8 

240 0.2 -1.9 -6.3 1.6 -3.2 -8.7 0.0 -1.4 -5.4 

260 -0.5 -0.8 -4.3 1.0 -1.9 -6.3 -0.3 -0.4 -3.8 

280 -0.6 -0.3 -3.4 0.5 -1.1 -4.8 -0.4 -0.1 -3.3 

300 -0.4 -0.2 -2.0 0.2 -0.7 -3.2 -0.4 0.1 -2.2 

320 0.0 0.0 -1.0 0.1 -0.3 -1.8 -0.1 0.1 -1.2 

340 0.1 0.0 -0.2 0.1 -0.1 -0.6 0.0 0.1 -0.1 

  

 
Table 5. Average receiving directivity for in the XZ plane for difference pitch angles 

Angle Low-frequency tags High-frequency tags 

deg dB re 0 deg 

Channel 1 Channel 1 

dB re 0 deg dB re 0 deg 

  1.5 kHz 6.5 kHz 

15 

kHz 1.5 kHz 6.5 kHz 

15 

kHz 1.5 kHz 6.5 kHz 

15 

kHz 

0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

20 0.0 0.0 -0.3 0.1 0.0 -0.3 0.1 -0.1 -0.3 

40 -0.1 0.1 -0.5 0.2 -0.2 -0.6 0.2 -0.3 -0.8 

60 -0.2 0.0 -0.7 0.6 -0.7 -1.1 0.5 -0.8 -1.4 

80 -0.2 -0.4 -1.8 1.0 -1.7 -1.9 1.1 -1.8 -2.6 

100 -0.1 -1.0 -3.0 1.3 -3.4 -2.7 1.8 -3.5 -4.0 

120 0.2 -2.2 -4.5 1.7 -6.1 -5.7 2.5 -5.9 -7.5 

140 0.7 -4.0 -7.7 2.0 -7.4 -11.6 3.1 -7.0 -13.0 

160 1.3 -5.2 -13.2 2.2 -6.4 -17.8 3.5 -6.3 -18.1 

180 1.7 -5.3 -17.4 2.1 -5.8 -17.6 3.5 -5.9 -17.9 
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Table 6. Directivity patterns for LF tags in the XY plane (angle is heading) 

Tag 

id 

2011 2012 

237 

  

238 

  

241 
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Table 7. Directivity patterns for LF tags in the XZ plane (angle is pitch) 

Tag 

id 

2011 2012 

237 

  

238 

  

241 
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Table 8. Directivity patterns for HF tags (only measured in 2012) 

Tag 

id 

XY plane (heading) XZ plane (pitch) 

235 

  
242 

  
246 
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Fig. 7. Calibration chart for the reference hydrophone used in 2011 
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Fig. 8. Calibration chart for the reference hydrophone used in 2012 
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Table 9. Calibration chart data for the reference hydrophone used in 2013 

Hydrophone sensitivity for Reson TC4032-1 

  Date: 2007-05-31 

    S/N: 5003146 

    

     Frequency (kHz) Sensitivity (dB re 1 V/uPa) 

 

Frequency (kHz) Sensitivity (dB re 1 V/uPa) 

5 -171.3 
 

52 -169 

6 -171.5 

 

54 -168.6 

7 -171.8 

 

56 -168.7 

8 -172.1 

 

58 -168.9 

9 -172.5 

 

60 -169.3 

10 -173.2 

 

62 -169.6 

11 -173.8 

 

64 -169.9 

12 -174.3 

 

66 -170 

13 -174.2 

 

68 -170 

14 -173.8 

 

70 -170.2 

15 -173.6 

 

72 -170.4 

16 -173.5 

 

74 -170.7 

17 -173.4 
 

76 -171 

18 -173.2 

 

78 -171.5 

19 -173.0 

 

80 -171.9 

20 -172.6 

 

84 -172.8 

22 -172.2 

 

88 -173.6 

24 -172.2 

 

92 -174.4 

26 -172.1 

 

96 -175.2 

28 -172.3 

 

100 -175.6 

30 -172.3 

   32 -171.9 

   34 -171.4 

   36 -171.1 

   38 -170.7 
   40 -170.4 

   42 -170.2 

   44 -170.1 

   46 -170 

   48 -169.7 

   50 -169.4 

    


