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Resumé 
Certains bruits d'origine anthropique sont maintenant considérés comme polluant. Ainsi, le bruit 

provenant des activités humaines telles que le transport, la construction et l'exploration peut avoir 

un impact sur le comportement et la physiologie dans un large éventail de taxons. Cependant, peu 

de recherches ont examiné les effets de ces sons répétés ou chroniques sur le développement ou sur 

les conséquences de fitness. Les poissons et de nombreux invertébrés utilisent le son sous l'eau pour 

les processus tels que l'orientation et de la communication, et sont donc vulnérables à la pollution 

sonore anthropique. Les poissons et les invertébrés détectent la composante de mouvement de 

particules du son. Dans la première partie de ma thèse, je fournis un programme informatique qui 

permet aux utilisateurs de déterminer dans quelles circonstances ils doivent mesurer le mouvement 

des particules. J’explique comment ces mesures peuvent être effectuées et fournissent un 

programme pour analyser ce type de données. La partie principale de ma thèse comprend des 

expériences portant sur l'impact de l'exposition répétée au bruit du trafic, la source anthropique la 

plus courante de bruit dans l'environnement marin, sur les poissons et les invertébrés pendant leur 

développement. Je démontre qu’une variété de comportements a été touchée par le bruit. J’ai aussi 

trouvé que le bruit prévisible peut conduire à des impacts différents sur le développement par 

rapport au bruit imprévisible, mais que certaines espèces de poissons peuvent être en mesure de 

s'habituer au bruit du trafic, tandis que d'autres non. En outre, je trouve que le développement et la 

survie des limaces de mer peuvent être impactés négativement par le bruit des bateaux. Les 

poissons et les invertébrés constituent une source de nourriture vitale pour des millions de 

personnes et constituent des liens essentiels dans de nombreux réseaux trophiques. L'étude de leur 

comportement, de développement et de remise en forme peut nous donner un aperçu des impacts 

de la population et le niveau de bruit de la communauté qui sont pertinents pour la survie des 

espèces et l'évolution. Le développement de certaines des nouvelles idées et techniques abordées 

dans cette thèse nous permettra de faire progresser ce domaine vital de la recherche. 
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Impacts of anthropogenic noise on 
behaviour, development and fitness of 
fishes and invertebrates 
Some anthropogenic noise is now considered pollution. Evidence is building that noise from human 

activities such as transportation, construction and exploration can impact behaviour and physiology 

in a broad range of taxa. However, relatively little research has considered effects on development 

or directly assessed fitness consequences, particularly with respect to repeated or chronic noise. All 

fishes and many invertebrates use underwater sound for processes such as orientation and 

communication, and are thus vulnerable to anthropogenic noise pollution. Fishes and invertebrates 

detect the particle motion component of sound; this component has been neglected, but must be 

understood alongside acoustic pressure if the potential impacts of noise are to be fully understood. 

As the first part of my thesis (chapter two), I provide a computer program which allows users to 

determine under what circumstances they should measure particle motion; I explain how these 

measurements can be made and provide a program for analysing this type of data. The main part of 

my thesis comprises experiments investigating the impact of repeated exposure to traffic noise, the 

most common anthropogenic source of noise in the marine environment, on fishes and 

invertebrates during development. In all three chapters involving experiments on fish in tanks and in 

the field, I found that a variety of behaviours were impacted by traffic noise playback. I also found 

that predictable noise can lead to different impacts on development from unpredictable noise, but 

that some species of fish may be able to habituate to traffic noise, while others suffer lower survival. 

Further, I found that the development and survival of seahares (Stylocheilus striatus) can be 

negatively impacted by traffic-noise playback. Fishes and invertebrates provide a vital food source to 

millions of people and form crucial links in many food webs; studying their behaviour, development 

and fitness can give us an insight into population and community level impacts of noise that are 

relevant to species survival and evolution. Developing some of the novel ideas and techniques 

discussed in this thesis will enable us to advance this vital area of research. 

 

Mots-clés : Poissons, invertébrés, bruit anthropique, comportement, développement, fitness 

Keywords : Fish, invertebrates, anthropogenic noise, behaviour, development, fitness  
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Chapter 1: Chronic Effects of Underwater 
Anthropogenic Noise on Developmental 
Stages of Fishes and Marine 
Invertebrates  
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1.1 Underwater anthropogenic noise: What’s there, how to 
measure it and attempts to legislate 
Human invasion and alteration of natural habitat are the main contributors to the unprecedented 

species extinctions occurring around the planet (Kearns, 2010). Pollutants such as heavy metals, 

pharmaceuticals and agricultural nitrate introduced to the environment by humans can cause injury 

and impact growth, development and behaviour (Nagajyoti et al., 2010; Bourke et al., 2015; Qin et 

al., 2015). Natural patterns of resource use and information flow may also be disrupted by light 

pollution, with downstream effects on the structure and function of ecosystems (Gaston et al., 

2013). Anthropogenic (man-made) acoustic noise is a more recently recognised, but far-reaching, 

form of pollution (e.g. Barber et al., 2010; Slabbekoorn et al., 2010). Not all anthropogenic sound is 

pollution, but here we use the term ‘noise’ to mean unwanted sound. In terrestrial environments, 

man-made noise from road and air traffic, construction work, explosions and wind turbines impinges 

on the acoustic perceptual space of animals (Rabin et al., 2006; Barber et al., 2010). However, in the 

denser medium of aquatic environments, anthropogenic noise is likely to be even more invasive 

because sound propagates further and faster than in air (Bradbury, 1998). Concerns about the 

impacts of anthropogenic noise on marine life have risen to the level of international legislation (e.g. 

European Commission Marine Strategy Framework Directive), yet we lack sufficient experimental 

evidence for effective regulation. 

1.1.1 What’s there 
Levels of underwater anthropogenic noise are increasing due to a range of sources (summarised in 

Table 1.1). These include shipping, drilling, seismic exploration, energy production (hydroelectric or 

offshore wind farms), tourism related activities (e.g. pleasure and speed boats, jet skis) and 

aquaculture noise for captive animals. A great deal of concern has been raised over the loudest 

sources of noise; sudden, high-intensity events such as pile driving, explosions and seismic surveys 

(Slabbekoorn et al. 2010). But more concerning is the widespread issue of noise emanating from ship 

and boat traffic (hereafter traffic), which is the primary source of man-made noise in the marine 

environment according to the United States National Research Council (NRC, 1995), and is rapidly 

increasing (Tournadre, 2014). For instance, ambient noise off the Californian coast increased by up 

to 10 dB from the 1960s to the 1990s (Andrew et al., 2002), mostly due to an increase in ship traffic 

(although the authors could not account for increases above 100 Hz). Global ship traffic also 

increased fourfold between 1992 and 2012 (Tournadre, 2014). We must recognise there is always 

ambient noise in the environment, but anthropogenic activity is causing increases in low frequency 

(below 1 kHz) ambient noise, which is perturbing the natural frequency spectrum of the ocean. As 

this low frequency component coincides with the best hearing range of fishes and invertebrates 
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Table 1.1 Summary of underwater anthropogenic noise (adapted from Table 1.2, Holles, 2010); rms = root mean squared. 

Sound source  Qualitative 
description of sound  

Sound pressure 
level (SPL)  
(dB re 1 uPa)  

Distance from  
source (m)  

Peak frequency  
(Hz)  

Frequency range 
(Hz)  

Areas affected  Duration  Investigators  

Pile driving  Sharp broadband 
impulses  

250 (peak to peak) 1  300  0–5,000; some 
energy up to 
100,000 

Discrete areas of 
offshore 
construction  

Hours to months  (Bailey et al., 2010) 

Vibratory piling Quieter alternative to 
pile driving 

166.6 (rms) 16 <100 0–5,000; some 
energy up to 
100,000 

Discrete areas of 
offshore 
construction 

Hours to months (Dahl et al., 2015) 

Seismic 
exploration  

Airgun explosions  242–253 (peak to 
peak) 

1  500 20–10,000  Discrete areas being 
explored  

Hours to weeks  (Popper et al., 
2005; Thompson et 
al., 2013) 

Sonar  High, mid, low or 
sweeping pulses at 
high amplitude used 
for echo location 

235 (rms) 1 Depends on user, 
e.g. 1,000–2,000, 
6,000–7,000,  
200,000 

Depends on user, 
see previous column 

Discrete areas of 
ocean navigated by 
navy 
ships/submarines 

Minutes (Popper et al., 
2007; Deng et al., 
2014; Wensveen et 
al., 2015)  

Acoustic 
thermometry of 
ocean climate 
(ATOC ) 

High amplitude, low 
frequency sounds with 
narrow bandwidth 
(e.g. 35 Hz)  

145 (rms) 1  75  58–93  Various areas of 
ocean chosen to be 
tested  

~30 minutes but 
may be repeated at 
different times  

(Klimley and 
Beavers, 1998) 

Drilling  Broadband noise 190 (rms) 1  <1,000–2,000 0–10,000 Area within 38 km 
from drilling ship 

Indefinite (Kyhn et al., 2014) 

Offshore 
windfarm  

Hum of turbines  90–142 (rms) 1  200 50–200  Area within 4 km of 
windfarm for 
hearing specialists  

Continuous, varying 
with wind speed  

(CEFAS, 2007) 

Aquaculture 
noise  

Motors, pumps, air 
bubbles  

153 (3rd octave 
bands) 

<4  25–250  0–10,000  Wherever fish are 
kept  

Constant  (Bart et al., 2001) 

Research vessels  Hull, propeller 
churning and 
cavitation, engineered 
to produce less 
acoustic noise than 
standard ships  

130 (1 Hz band) 1  <200  0–5,000  Focused areas 
where research is 
being conducted 

Highly variable (Ona et al., 2007) 

Speedboat  Propellar churning and 
cavitation  

128 (instantaneous) 300  110  0 – 5 000  Widespread, 
concentrated in 
shallow water areas 
dense with tourists  

Highly variable, 30 
seconds to many 
hours  

(Amoser et al., 
2004) 

Shipping  Hull, propellar 
churning and 
cavitation  

145 (1 Hz band) 1  < 200  0 – 5 000  Global  Constant at a global 
scale, highly 
variable at a local 
scale  

(Ona et al., 2007); 
(Southall and 
Scholik-Schlomer, 
2008) 
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(Packard et al., 1990; Lovell et al., 2005a; Slabbekoorn et al., 2010, Section 1.2.1), underwater 

anthropogenic noise is likely to be highly disturbing. 

Anthropogenic noise has often been classified as either ‘acute’ (short-term, high-intensity; 

e.g. pile driving, explosions, seismic blasts) or ‘chronic’ (long-term elevations of background noise; 

e.g. due to windfarms or traffic) (Hawkins et al., 2015). Typically, impacts of acute noise are 

supposed to be death or physical injury, while potential impacts of chronic noise are supposed to be 

masking (failure to recognise the occurrence of one type of stimulus as a result of the interfering 

presence of another stimulus – Fay, 1974), and long-term changes in physiology or behaviour 

(Hawkins et al., 2015). Although apparently less immediately severe, the potential for impacts from 

chronic noise, particularly traffic noise, is far more widespread in both space and time than that 

from acute noises. 

1.1.2 How to measure anthropogenic noise 
One reason for the division that has been made between acute or impulsive noise and chronic or 

continuous noise is the way they are best characterised. Acute, loud or nearby impulsive noise (such 

as that from pile driving and seismic airgun activity) is best characterised using all the energy in the 

signal, because frequencies outside of the auditory range can still cause injuries such as barotrauma 

and hair cell damage. How loud or how nearby this noise needs to be to cause injury is the subject of 

much research (Popper et al., 2006; Halvorsen et al., 2012; Rodkin et al., 2012). Metrics used to 

describe loud impulsive noise include peak level, 90% energy envelope, sound exposure level (SEL), 

rise time, crest factor and repetition of the signal (Hawkins et al., 2015). Being quieter and unlikely 

to cause injury, chronic or continuous noise is better characterised by assessing how much energy is 

present at different frequencies on average over a specified time period, because animals with 

different hearing bandwidths may have different susceptibilities. For example, the power spectral 

density is suitable for broadband continuous sounds.  

The focus on acute noise and classification of chronic noise as a less worrying elevation of 

background noise was thus likely driven by the early thinking that injuries due to very loud sounds 

were the most concerning impacts of underwater noise. Perhaps this arose because of widespread 

public concern that large numbers of marine mammals were stranding due to military activity 

(Simmonds and Lopezjurado, 1991). Alternatively, the focus on injury could stem from the desire of 

industry and regulators for simple metrics to work with. In any case, chronic underwater noise has 

received less attention. In fact, chronic noise is usually intermittent at some level; whether due to 

ships passing or the stochastic nature of bubbles in aquaria systems (Clark et al., 2009; Voellmy et 

al., in press). Thus, when using sound metrics that involve averaging across time, such as power 
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spectral density or root mean squared levels, it is important to pay attention to the frequency and 

time range over which sound levels are reported (which could be influenced by equipment 

capabilities), along with the hearing sensitivity of the species of interest.  

1.1.3 Legislation 
Concern about the impacts of underwater anthropogenic noise has risen to the level of national and 

international regulation in at least three cases. 1) The Marine Strategy Framework Directive (MSFD) 

is a piece of European legislation which aims to establish and maintain ‘Good Environmental Status’ 

(GES) of European Waters by 2020. Anthropogenic noise is defined as one of the indicators of GES. 

Although this was defined in 2010, and monitoring goals have been established, we still do not have 

sufficient data to establish noise limits that are equivalent to GES (ec.europa.eu). 2) The United 

States of America National Environmental Policy Act (NEPA) has long prohibited any human activity, 

including anthropogenic noise, which may harass marine mammals (Richardson et al., 1995). 3) The 

International Maritime Organisation (IMO) has also brought underwater noise to its agenda and 

recently published recommended ship designs that can minimise noise introduced into the 

environment (MEPC, 2013).  

Although the MSFD mentions impacts on fishes and other animals, the main focus, as with 

NEPA and IMO regulations, is to avoid impacts on marine mammals. More complex effects in 

particular, such as downstream impacts of endocrine or cognitive responses, are only considered in 

relation to marine mammals. This again is most likely due to the early public concern about mass 

strandings. However, there is evidence that noise can induce stress responses such as increased 

blood cortisol in fishes (Wysocki et al., 2006, but see Wysocki et al., 2007) and cognitive impacts 

such as distraction in fish and invertebrates (Chan et al., 2010; Purser and Radford, 2011). The area 

over which animals are likely to come into contact with noise that is loud enough to injure them is 

relatively small compared to that over which they may be affected in more ‘subtle’ ways. The 

number of species of fishes (>32,000) and marine invertebrates (>1,000, 000) compared to marine 

mammals (ca. 120) and the roles they play in ecosystems (Dorit et al., 1991; Hoelzel, 2002) are also 

out of proportion to the current attention they are warranted in legislation and in research.  

1.2 Marine fishes and invertebrates 
Marine fishes and invertebrates provide an increasingly vital food source and income for millions of 

people (Béné et al., 2007). In the past 40 years, the human population has doubled while average 

per capita consumption of marine fauna has also nearly doubled; currently over 16% of animal 

protein consumed by humans comes from species harvested from the sea, and human populations 

and protein consumption continue to increase (Nomura, 2009). Fishes and invertebrates are also 
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vital to oceanic ecosystem functioning, having key roles in nutrient cycling and bioengineering of 

habitats (Béné et al., 2007). However, many marine species are now threatened by a range of 

human activities including those that create noise pollution.  

One of the reasons that marine fishes and invertebrates are so important to food webs is 

that their reproductive cycles are characterised by production of large numbers of offspring, few of 

which survive to adulthood; mortality is high in eggs, larvae and juveniles due to starvation and 

predation (Blaxter and Fuiman, 1990; Rumrill, 1990). Effects on survival during early life stages when 

natural mortality is high can result in greater population fluctuations than impacts at the adult stage, 

a theory supported by empirical data and modelling (Armsworth, 2002; Gagliano et al., 2007; Victor, 

1983). Thus, anything which could impact predator avoidance, or resource acquisition and use, could 

have broader scale population effects that are relevant to management and conservation of species.  

1.2.1 How fishes and invertebrates hear 
Sound is propagating vibratory energy and hearing is the detection of sound (Gans, 1992). The main 

difference between hearing and other types of mechanosensory perception, such as touch, 

geocentric perception, proprioception and flow detection (wind or water movements in relation to 

the body), is that the hair cells concerned with hearing detect vibrations at particular frequencies of 

relevance to the animal. Hearing in fishes and invertebrates seems to be focused in the lower 

frequencies; although some fishes can hear over 100 kHz, most have a peak sensitivity under 1.5 kHz 

(Popper and Hastings, 2009). There are two components of a propagating sound wave that can be 

detected by animals: the oscillatory motion of particles of the medium in which the sound travels 

and the pressure fluctuations between particles. As humans, other mammals, birds and reptiles all 

detect pressure fluctuations, particle motion is often overlooked. However, particle motion 

detection is the more common method for hearing underwater. The bodies of fishes and aquatic 

invertebrates, being composed mainly of water, are coupled directly to the medium (water). Thus, 

the whole body vibrates as a sound wave passes through.  

The inner ears of fishes comprise three semicircular canals with associated cristae (known as 

the pars superior) and three otolithic end organs (the pars inferior) (Bleckmann, 2004; Lovell et al., 

2005b). The pars superior senses posture and movements of the body, while the pars inferior, made 

up of the end organs ‘saccule’, ‘utricle’ and ‘lagena’, senses vestibular and acoustic stimuli (Lovell et 

al., 2005b). The end organs have associated calcareous otoliths named the ‘saggita’, ‘lapilli’ and 

‘asterisci’ respectively. These structures are remarkably similar to the tetrapod vertebrate inner ears 

with which we are more familiar (Webster et al., 1992).  

The otoliths are dense structures coupled to the sensory epithelia of the ear canals by a thin, 

gelatinous membrane called the cupula (Bleckmann, 2004). The sensory epithelium lining each canal 
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and otolith has up to several thousand hair cells which are directional and arranged in groups of 

similar orientations. As the otolith organs are denser and have higher impedance than the rest of the 

body of the fish, they are not as easily moved by a propagating sound wave, causing the otolith 

organs to move in relation to the sensory epithelia of the ear canals; this movement can be thought 

of as harmonic oscillation and is what is detected by the epithelial hair cells (Sand and Karlsen, 2000; 

Ladich, 2001; Bleckmann, 2004). 

Gas bladders have a role in hearing in many species of fishes (Webster et al., 1992). 

Fluctuations in pressure cause air-filled sacs to change volume and re-radiate sound to the inner ear 

and lateral line, conveying an indirect method for detecting the pressure component of sound in 

fishes possessing such organs. Hearing specialisations using gas bladders exist in many species to 

increase hearing sensitivity, increase the upper frequency limit and reduce susceptibility to masking 

(Ramcharitar et al., 2004; Popper and Fay, 2011). There are four hearing specialisations which have 

evolved in fishes: Weberian ossicles in otophysans; air bubbles in the suprabranchial or pharyngeal 

chamber in anabantoids; small tubes connecting the pterotic and prootic bullae close to the utricle 

with the swimbladder in clupeids; and tympanic gas bladders in the head region of the weakly 

electric mormyrids (Ladich, 1999; Yan et al., 2000). It is worth noting that several soniferous species 

do not possess such hearing specialisations, while many fishes which do possess them are not vocal, 

suggesting that accessory hearing structures have not evolved for the purpose of enhancing vocal 

communication (Ladich and Yan, 1998; Ladich, 1999). This suggests that hearing specialisations 

evolved for better detection of the auditory scene. 

Swim bladders also aid sound source localisation. Particle motion is a vector quantity and 

therefore has a directional component (Lu et al., 1996). As hair cells are also directional and the 

otolithic endorgans are orientated in three different planes, theoretically a fish could determine the 

direction of a sound source with only 180° ambiguity in three-dimensional space from its particle 

motion component. Coffin et al. (2014) showed that plain fin midshipman fish (Poricthys notatus) 

with deflated swim bladders could not localise 90 Hz tone, while those with partially inflated or full 

gas bladders could. It is worth noting that swim-bladder pulsations exceed the free-field particle 

motions only above a certain frequency (dependent on both swim bladder volume and depth), 

implying that fishes will be insensitive to sound pressure in the infrasound range (Sand and Karlsen, 

2000). Thus, fishes may be unable to resolve the 180° ambiguity of very low frequency sounds using 

this method. The lateral line is, however, another organ whose innervation converges with that of 

the inner ear, which senses low frequencies and may aid in sound-source localisation (Bleckmann, 

2004).  
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Lateral line neuromasts detect local pressure changes at the surface of the fish which result 

from water movements in relation to its body (Bleckmann and Zelick, 2009). This is normally within 

the extreme near field (one to two body lengths) (Lu et al., 1996), but they can also detect sound 

that is re-radiated from the swim bladder, enabling indirect detection of sounds from further away 

(Bleckmann, 2004). The signals detected by the lateral line and inner ears of fishes overlap and their 

innervation converges in the ocavolateralis system and the Mauthner cells (Bleckmann, 2004; 

Mirjany et al., 2011). Experiments by Mirjany et al. (2011) showed the normal Mauthner cell-

controlled ‘C start’ escape response (in which fishes turn away from a sound source that startles 

them, a 200 Hz tone in this case) could be inhibited by blocking information from the lateral line. By 

contrast, Coffin et al. (2014) concluded that the lateral line was not required for sound-source 

localisation in their blocking experiments because fish could localise the 90 Hz tone after ablation of 

the lateral line cells. It seems the lateral line aids sound-source localisation up to at least 200 Hz and 

the swim bladder does not play a role in the startle response via the Mauthner cells, but in shallow 

water down to at least 90 Hz the swim bladder is able to aid sound-source localisation via the 

octavolateralis system. 

Relatively little is known about hearing in aquatic invertebrates, although it is clear that 

many do also hear sound. The three known methods for hearing in marine invertebrates are external 

sensory hair cells, chordontal organs and statocysts (Webster et al., 1992; Popper et al., 2001). The 

first two methods of hearing are found in crustaceans; external sensory hair cells detect water 

movements, which could include low frequency sound, and chordontal organs are found in the legs 

of some crabs and allow detection of sounds propagating in the substrate (Popper et al., 2001). 

Statocysts are found in crustaceans and molluscs and work much like otoliths; a fluid-filled chamber 

is lined by sensory hair cells and contains one or more round calcareous structures (statoliths) which 

move around inside the chamber (Webster et al., 1992). The statocyst has been thought to function 

primarily for orientation, but as interest in the impacts of sounds increases, more and more species 

have been found to detect sound using their statoctsts (Packard et al., 1990; Lovell et al., 2005a; 

Kaifu et al., 2008). There may be other ways that marine invertebrates detect sound, as coral larvae 

are known to swim towards reef sound yet we do not understand by what mechanism they are 

detecting and processing this sound (Vermeij et al., 2010).  

1.2.2 What fishes and invertebrates hear 
Many studies have investigated auditory thresholds of fishes and, more recently, marine 

invertebrates. The standard methods are: training an animal to respond when it hears a sound or 

observing startle responses to sounds (behavioural methods); or using electrodes to detect when a 

signal is sent from an auditory structure to the brain (auditory evoked potential method). 



9 
 

Unfortunately, in many of the small tanks where such experiments have been carried out, the 

particle motion component of the sounds presented has been unreported, or worse, unknown 

(Hawkins et al., 2015). Table 1.3 shows auditory-threshold studies for fish alongside their methods, 

the species tested, and whether the experiment could accurately report auditory thresholds. This 

table reveals that while many studies have some comparative value (those coded in yellow), 

accurate absolute thresholds have rarely been reported and useless data are rife. Even when they 

have been accurately reported, thresholds are dependent on ambient, rearing and holding 

conditions and there can be variation between individuals and life-history stages. These 

methodological aspects must be borne in mind when considering what fishes and invertebrates can 

hear. 

In an ideal world, for conservation and regulation purposes, we would establish the 

threshold sound levels for each of the different harmful effects in each species that could be 

affected by each type of anthropogenic noise. Then we would include these thresholds in predictive 

models which showed sound sources, sound propagation and species presence, to quantify the 

potential impacts of anthropogenic noise and thus regulate noise to levels that minimised impact. 

There are predictive models for the impacts of anthropogenic noise (e.g. Clark et al., 2009; Bruintjes 

et al., 2014). However, from the perspective of fishes and invertebrates, there are still many 

unknowns at the level of basic research. Thus, a preoccupation with accurate auditory-threshold 

measurement could potentially distract us from discovering how fishes and invertebrates actually 

use sound in the natural environment. As well as testing auditory thresholds, we must therefore also 

test how known effects could impact development, survival and reproduction over realistic 

timescales. 

Some studies have revealed changes in the auditory ability of fishes during ontogeny, 

although their methods for establishing absolute thresholds were inadequate. Sensitivity to pressure 

has been found to increase with age in the labyrinth fish Trichopsis vittata (Wysocki and Ladich, 

2001), the toadfish Halobatrachus didactylus (Vasconcelos and Ladich, 2008) and the squeaker 

catfish (Synodontis schoutedeni) (Lechner et al., 2010) via auditory evoked potentials (AEP) using in-

air speakers. Other work suggested an expansion of the detectable frequency range in zebrafish with 

age (Higgs et al., 2001; Higgs et al., 2003), while Sisneros and Bass (2005) also found increases in 

sensitivity with age in the toadfish Porichthys notatus. Egner and Mann (2005) showed a slight 

decrease in hearing sensitivity with age at lower frequencies in the sergeant major damselfish 

(Abudefduf saxatilis). However, these studies used the AEP method (which gives highly variable 

results depending on many aspects of the set-up) with an underwater speaker (producing particle 
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motion) and only measured pressure, meaning we have no idea of the sound levels to which the 

fishes were responding. 

Otoliths develop in embryos of fishes and evidence from zebrafish (Danio rerio) and 

clownfish (Amphiprion ephippium and A. rubrocinctus) suggests that they can use them even at this 

early stage (Simpson et al., 2005a; Lu and DeSmidt, 2013). Simpson et al. (2005a) were the first to 

show that fish embryos could detect sound via observing changes in heart rate in response to tones 

played through an in-air speaker. Lu and DeSmidt (2013) used microphonic potentials to show that 

auditory sensitivity to particle displacements increased with development, in line with the addition 

of hair cells to auditory epithelia. Kenyon et al. (1996) used electric shock classical conditioning in a 

standing wave tube with an underwater speaker to reveal that the sensitivity of the damselfish 

Stegastes paritus to sound pressure increased with fish length. The particle motion in their tube was 

measured and levels corresponded well to those predicted by free-field values, but thresholds were 

only presented in terms of pressure. Wright et al. (2011) document the ontogeny of auditory 

thresholds in five species of fish larvae in particle acceleration as well as pressure; the sensitivity of 

four of these species increased with age. 

 The development of hearing in marine invertebrates remains understudied, however it is 

clear that many marine larvae do possess statocysts, which might be used to detect sound, for 

example in the nudibranch Rostanga pulchra (Chia et al., 1981). Evidence from several species of 

marine invertebrate shows that they do detect and use sound early in life. For example, coral larvae 

(Montastraea faveolata) move towards reef sounds (Vermeij et al., 2010); Lillis et al. (2013) showed 

that Eastern oyster (Crassostrea virginica) larvae are induced to settle by estuarine sounds; and 

Stanley et al. (2010) found that natural ambient sound induced metamorphosis in megalopae of five 

species of crab. 
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Table 1.2 Assessment of papers that have investigated hearing thresholds and their validity. Green = valid method and valid conclusions; yellow = at least partially 
invalid method, but some valid conclusions could be drawn; red = invalid method and meaningless conclusions. 

Paper Species Situation Method 
(AEP/Behavioural) 

Views 

(Amoser and 
Ladich, 
2003) 

Goldfish Carassius 
auratus 

Temporary threshold shift (TTS). In-air speaker, measured 
pressure 

Auditory evoked 
potential (AEP) 

Investigating sensitivity to pressure only. Dubious because fish 
anaesthatised 

(Bhandiwad 
et al., 2013) 

Zebrafish Danio rerio Shaker table and accelerometer, 96-well plate, pre-pulse 
inhibition method (first to use) 

Behavioural (pre-
pulse inhibition 
(PPI)) 

Presented particle acceleration thresholds, also tested for 
contribution of lateral line to thresholds 

(Caiger et 
al., 2012) 

Juvenile snapper 
Pagrus auratus 

In tanks, aquaculture vs wild AEP Good because just making a comparison about holding 
conditions, but not suitable in an absolute sense. Suggest can 
hear from 36 km, but this is an invalid extrapolation because 
thresholds in pressure in a tank probably appear higher because 
of particle motion 

(Casper and 
Mann, 2006) 

Nurse shark 
Ginglymostoma 
cirratum, yellow 
stingray Urobatis 
jamaicensis 

Cement lagoon 37 x 15 m with 15 x 2 m island in middle, 
depth 1.05 m, shark 0.5 m below surface and 1 m from 
speaker 

AEP Presented in particle motion 

(Casper and 
Mann, 
2007a) 

Horn shark 
Heterodontus, white-
spotted bamboo 
shark Chiloscyllium 
plagiosum 

First use of dipole stimulus (more similar to prey), 'large' 
tank 1.96 m x 0.95 m x 0.6 m (water depth 0.5 m), sharks 
20 cm below surface. 

AEP Presented in particle motion 

 (Casper and 
Mann, 
2007b) 

White-spotted 
bamboo shark 
Chilosyllium 
plagiosum, brown-
banded bamboo 
shark C. Punctatum, 
goldfish Carassius 
aurtatus 

Aluminium dish, 20.5 cm diameter, 5 cm deep, fish head 
2 cm below surface, shakers, accelerometers 

AEP Shaker table, presented particle motion, including directional 
sensitivity 

(Chapman 
and 
Hawkins, 
1973) 

Atlantic cod Gadus 
morhua 

Mid water in the sea (6 m from bottom, 15 m from 
surface, speaker 0.5–50 m away) fish in plastic net cage 
with PVC frame, critical ratios 

Behavioural 
(electric shock 
conditioning 
causing 
suppression of 
respiration (ES))  

Measured in the field, present particle displacement threshold 
based on calculations.  
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(Enger, 
1973) 

Goldfish Carassius 
auratus 

In-air speaker, measured pressure with a hydrophone, 
fish held at surface of pipe 80 cm long, 30 cm diameter, 
fish brain cut open 

Probes in the brain Investigating sensitivity to pressure only. Dubious because brain 
cut open 

(Egner and 
Mann, 2005) 

Sergeant major 
damselfish Abudefduf 
saxatilis 

PVC pipe 1.2 m high, 30 cm diameter, 1.12 m water, fish 
46 cm below surface, speaker at bottom of pipe 

AEP Bad because underwater speaker, hydrophone, sound adjusted 
for pressure levels. Good because may have been able to detect 
some changes in ontogeny 

(Fay, 1969) Goldfish Carassius 
auratus 

21 x 15 x 11 cm tank. In-air speaker, fish held at surface  Behavioural (ES) Wide variation for goldfish due to varying acoustic conditions, 
pressure sensitivity only 

(Fay, 1970a) Goldfish Carassius 
auratus 

21 x 15 x 11 cm tank. In-air speaker, fish held at surface Behavioural (ES) Pressure sensitivity only, measured frequency generalisation 

(Fay, 1970b) Goldfish Carassius 
auratus 

21 x 15 x 11 cm tank. In-air speaker, fish held at surface Behavioural (ES) Pressure sensitivity only, measured frequency discrimination 

(Fay, 1972) Goldfish Carassius 
auratus 

21 x 15 x 11 cm tank. In-air speaker, fish held at surface  Behavioural (ES) Pressure sensitivity only, showed perception of amplitude 
modulated signals 

(Fay, 1974) Goldfish Carassius 
auratus 

Critical ratios. 21 x 15 x 11 cm tank. In-air speaker, fish 
held at surface 

Behavioural (ES) Pressure sensitivity only, showed masking of tones by noise 

(Fay et al., 
1978) 

Goldfish Carassius 
auratus 

21 x 15 x 11 cm tank. In-air speaker, fish held at surface. 
Also another tank with in-air speaker, 19 cm diameter, 14 
cm high, positioned over a speaker in air chamber full of 
rubber 

Behavioural (ES) Pressure sensitivity only, showed masking of tones by noise 
including psychophysical tuning curves 

(Fay, 1984) Goldfish Carassius 
auratus 

Shaker table AEP Measured particle motion on a shaker table 

(Fish and 
Offutt, 1972) 

Toadfish Opsanus tau Tank, in-air speaker. Also speaker in the field Behavioural 
(Classical 
conditioning, 
shocks and heart 
rate. Also vocal 
responses in the 
field) 

Bad in tank, OK in the field for pressure, assuming fish respond 
by suppressing their own vocalisations every time they hear a 
boatwhistle 

(Gutscher et 
al., 2011) 

Goldfish Carassius 
auratus 

Effect of pond and aquarium noise on sensitivity. In-air 
speaker, measured pressure with a hydrophone. Same as 
Kenyon et al. 1998  

AEP Pressure sensitivity only; in-air speaker and hydrophone 
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(Hawkins 
and 
Chapman, 
1975) 

Atlantic cod Gadus 
morhua 

Masking critical bandwidths. In the sea, 20 m deep, 6 m 
from the bottom, speaker 2 m from fish 

Cardiac 
conditioning 

Good for masking, but still in near field and only measured 
pressure 

(Hawkins 
and 
Johnstone, 
1978) 

Atlantic salmon 
Salmo salar 

Tank (in-air vs in water speakers) and loch (speakers at 
different distances but same sound pressure level (spl) 

Heart rate Works out masking critical ratio. Works out salmon are more 
sensitive to particle motion than pressure, but no direct evidence 
on particle motion 

(Higgs et al., 
2001) 

Zebrafish Danio rerio At surface of 19 L bucket of water, 25 cm above an 
underwater speaker 

AEP Bad as underwater speaker would produce particle motion but 
only pressure measured. Bad absolute method, but can show 
differences in ontogeny 

(Higgs et al., 
2003) 

Zebrafish Danio rerio 5 cm below surface of 20 L bucket of water, 25 cm above 
an underwater speaker 

AEP Bad as underwater speaker would produce particle motion but 
only pressure measured. Bad absolute method, but can show 
differences in ontogeny 

(Higgs and 
Radford, 
2013) 

Goldfish Carassius 
auratus 

PVC pipe 0.5 mm thick, 1.11 m long, diameter 0.25 m 
(same as Wright et al. 2005), underwater speaker 

AEP Showed difference in auditory threshold at low frequencies when 
lateral line neuromasts oblated 

(Kenyon, 
1996) 

Bicolor damselfish 
Pomacentrus partitus 
and P. variabilis 

Standing wave tube during ontogeny. Same apparatus as 
Ha 1973 and Myrberg and Spires 1980 

Behavioural (ES) Measured particle motion as well as pressure. Deliberately 
tested for far field pressure thresholds 

(Kenyon et 
al., 1998) 

Goldfish Carassius 
auratus, oscar 
Astronotus ocellatus 

First use of auditory brainstem response method. In-air 
speaker, small bowl of water on air table in Faraday 
chamber. Fish anaesthatised 

AEP Investigating sensitivity to pressure only 

(Lechner et 
al., 2010) 

Squeaker catfish 
Synodontis 
schoutedeni 

During ontogeny. Small plastic bowl with gravel bottom 
(13 cm deep, 33 cm diameter). Speakers 50 cm above 
water surface. Fish anaesthatised. Following method 
developed by Kenyon et al. (1998), then modified by 
Wysocki & Ladich (2005a,b)  

AEP Investigating sensitivity to pressure only 

(Lu and 
DeSmidt, 
2013) 

Zebrafish Danio rerio Decreasing thresholds with increased hair cell 
development in embryos. Microphonic potentials 

AEP First study of development of particle motion thresholds 
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(Lu et al., 
1996) 

Oscar Astronotus 
ocellatus  

Shaker table. Modified from Fay (1984), same as Fay et 
al. (1994) 

Behavioural (ES) Particle motion thresholds with a shaker table 

(McKibben 
and Bass, 
1999) 

Plainfin midshipman 
fish Porichthyes 
notatus 

30 cm diameter, 24 cm high tank, speaker in sand at 
bottom, fish ear 10 cm above speaker (tank similar to Fay 
1990) 

AEP Underwater speaker and hydrophone. Equalised for pressure 

(Myrberg 
and Spires, 
1980) 

Six species of 
Pomacentrus 

Standing wave tube  ES  Known acoustic conditions 

(Popper et 
al., 2007) 

Rainbow trout 
Onchorynchus mykiss 

Low frequency sonar (200–500 Hz) 193 dB re 1 uPa, 
specially designed acoustic tank 35.6 cm diameter, 35.6 
cm deep, underwater speaker on bottom 

 ABR Used relative hearing thresholds only to examine impacts of 
noise on hearing 

(Schuijf et 
al., 1972) 

Ballan wrasse Labrus 
berggylta 

Mid water in the sea; water depth 34 m, depth in water 
3.6 m, cage in PVC frame 

Behavioural 
(choice 
conditioning) 

Approximate free field conditions 

(Schuijf, 
1975) 

 Cod Gadus morhua Mid water in the sea; water depth 34 m, depth in water 
3.6 m, cage in PVC frame  

Behavioural 
(choice 
conditioning) 

Approximate free field conditions 

(Sisneros 
and Bass, 
2005) 

Plainfin midshipman 
fish Porichthyes 
notatus 

Same as McKibben & Bass (1999) and Sisneros & Bass 
(2003); 30 cm diameter 24 cm high tank, speaker in sand 
at bottom, fish ear 10 cm above speaker 

AEP Bad as underwater speaker, small tank, only measured pressure. 
However, claim pressure adequately characterises sound? See 
McKibben & Bass (1999) and Bass & Clark (2003). Disagree with 
them, their method is bad. Also adjusted level so that pressure 
levels were equal, but paid no attention to particle motion. A 
problem because particle motion and pressure can be out of 
phase (nodes/anti nodes). However, may have been able to 
detect differences in detection with ontogeny 

(Tavolga, 
1974) 

Goldfish Carassius 
carassuis, pin fish 
Lagodon rhomboides, 
African mouth-
breeder Tilapia 
macrocephela 

Critical ratios, tank and in-air speaker Behavioural (ES)  Only measured pressure thresholds 
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(Vasconcelos 
and Ladich, 
2008) 

Lusitanian toadfish 
Halobatrachus 
didactylus  

Based on Kenyon (1998) and Wysocki & Ladich (2001) AEP Investigating sensitivity to pressure only (in-air speaker with 
hydrophone in water). However, may have been able to detect 
differences in pressure detection with ontogeny 

(Wright et 
al., 2005) 

Pomacentrus 
nagasakiensis 

Consciously kept fish in quiet conditions, PVC pipe 0.5 
mm thick, 1.11 m long, 0.25 m diameter 

AEP Underwater speaker and hydrophone, claims to present absolute 
hearing threshold 

(Wright et 
al., 2008) 

Plectropomus 
leopardus 

Tested fish immediately on capture, same set-up as 
Wright et al. (2005) 

AEP Underwater speaker and hydrophone, claims to present absolute 
hearing threshold 

(Wright et 
al., 2010) 

Lutjanus 
carponotatus, 
Pomacentrus 
amboinensis, Elagatis 
bipinnulata, 
Gnathanodon 
speciosus 

Same as Wright et al. (2005, 2008), underwater speaker 
0.75 m from fish 

AEP Underwater speaker and hydrophone, claims to present absolute 
hearing threshold 

(Wright et 
al., 2011) 

All of the above plus 
Epinephelus coioides, 
E. Fuscoguttatus, 
Eleutheronema 
tetrodactylum, 
Caranx ignobilis, 
Macquaria 
novemaculeata 

Same as Wright et al. above, but this time used a 
hydrophone pair to calculate particle acceleration 
thresholds 

AEP Presented particle motion thresholds 

(Wysocki 
and Ladich, 
2001) 

Anabantoid Trichopsis 
vittata 

As in Kenyon et al. (1998), 11 L plastic bowl, 33 cm 
diameter, 13 cm deep with 1 cm of sand at bottom 

AEP Investigating sensitivity to pressure only (in-air speaker with 
hydrophone in water) 

(Wysocki 
and Ladich, 
2005a) 

Goldfish Carassius 
auratus 

As in Kenyon et al. (1998) AEP Investigating sensitivity to pressure only 
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(Wysocki 
and Ladich, 
2005b) 

Goldfish Carassius 
auratus, lined 
Raphael catfish 
Platydoras costatus, 
pumpkinseed sunfish 
Lepomis gibbosus 

As in Kenyon et al. (1998) AEP Investigating sensitivity to pressure only 

(Wysocki et 
al., 2009) 

Red-mouthed goby 
Gobius cruentatus, 
Mediterranean 
damselfish Chromis 
chromis, brown 
meagre Sciaena 
umbra 

As in Kenyon et al. (1998) AEP Measured and presented particle motion as well as pressure 

(Yan, 1998) Blue gourami 
Trichogaster 
trichopterus, kissing 
gourami Helostoma 
temminckii, dwarf 
gourami Colisa lalia 

Deflating the swim bladder reduces hearing sensitivity. 
Same method as Kenyon (1998) 

AEP Investigating sensitivity to pressure only 

(Zeddies and 
Fay, 2005) 

Zebrafish Danio rerio 24-well plate on shaker table Startle responses Measured acceleration as well as pressure, unsure whether 
measured auditory threshold as response threshold was startles; 
possible that fish heard sounds but did not startle 
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1.2.3 Why fishes and invertebrates hear 
Fishes use their auditory abilities for a wide variety of functions. Avoiding predators or other threats 

aids survival, for example herring (Clupea harengus) avoid the sounds of killer whale (Orcinus orca 

feeding vocalisations (Doksæter et al., 2009) and goldfish (Carrasius auratus) startle away from 

sudden loud sounds (Mirjany et al., 2011). Fishes also use sound to find food, for example sharks 

swim towards low frequency sounds that signify prey (Nelson and Gruber, 1963), and urchins and 

other invertebrate prey make feeding sounds that could be used by other fishes (Popper et al., 2001; 

Radford et al., 2008). Many fishes also use vocal communication during agonistic behaviour such as 

when threatened by a predator or competing for food or mates (Ghazali, 2012), or to self-advertise 

during reproduction (Amorim and Vasconcelos, 2008).  

Fay (2009) reviews the literature on soundscapes and fish hearing, exploring the question of 

what non-vocal specialists listen to. He refers to the concept of ‘acoustic daylight’, referring to noise, 

reflection, scattering and reverberation which could help to orient fishes. This concept is similar to 

echolocation, but makes use of passive acoustics. It turns out the main driver for the evolution of 

hearing is ambient noise, thus it is likely that the first and most important reason that fishes use 

underwater sound is auditory scene analysis or perception of acoustic daylight (Fay, 2009).  

Many species of larval fish certainly use sound to orientate and find suitable habitat 

(Tolimieri et al., 2000; Simpson et al., 2005b). Embryos may even imprint on their native habitats to 

aid self-recruitment (recruiting to the habitat where their parents spawned) (Simpson et al., 2005a). 

The startle response to sound is present in developmental stages (Bhandiwad et al., 2013). Recent 

evidence also reveals that larvae use sound for vocal communication (Staaterman et al., 2014). 

However, our knowledge of how the developmental stages of fishes use sound is lagging behind that 

of adults, as studies are rare. 

Marine invertebrates are even less well studied than fishes, although the evidence we have 

suggests they use their auditory abilities for a similar variety of functions. There is evidence of 

predator avoidance in hermit crabs (Coenobita clypeatus), who retreat into their shells when a 

person approaches them (Chan et al., 2010). Male ghost (Ocypode) and fiddler (Uca) crabs produce 

sounds from their burrows which are presumed to attract females, a hypothesis that is yet unproven 

but supported by what is known about hearing in these genera (Popper et al., 2001). Ghost and 

fiddler crabs also intensify their ‘courtship’ sounds when they hear the calls of other males, 

suggesting acoustic competition and/or threat of physical conflict (in a sexual context) (Popper et al., 

2001).  

Developmental stages of marine invertebrates also use sound for finding suitable habitat, for 

example many species of crab larvae swim towards reef sound (Stanley et al., 2010 and references 
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therein), and pelagic and nocturnally emergent crustacean species actively avoid reef sound, 

presumably because it represents potential predators and habitat where they do not usually live 

(Simpson et al., 2011b). Crabs and mussels also use sound as a developmental cue; being induced to 

settle by particular habitat sounds (Stanley et al., 2010; Lillis et al., 2013). The varied use of sound by 

developmental stages of marine fishes and invertebrates suggests that they are likely to be 

vulnerable to noise pollution. 

1.3 Effects of noise on developmental stages of fishes and marine 
invertebrates 
The impacts of anthropogenic noise on adult fishes and invertebrates (as well as other animals) are 

extensively reviewed elsewhere (Popper and Hastings, 2009; Barber et al., 2010; Holles, 2010; 

Slabbekoorn et al., 2010; Kight and Swaddle, 2011; Radford et al., 2012; Francis and Barber, 2013; 

Morley et al., 2014; Shannon et al., 2015). Effects include death, tissue damage, auditory threshold 

shifts, masking, physiological stress responses (such as increased blood cortisol, heart rate and 

ventilation rate), and disrupted reproductive, feeding, anti-predator and swimming/schooling 

behaviour. Some studies also show no impact of noise. Here I discuss the known impacts of 

anthropogenic noise on developmental stages of fishes and marine invertebrates, which are likely to 

be vulnerable to anthropogenic noise, yet are understudied. 

1.3.1 Eggs/Embryos 
Although embryonic fish are able to hear (Section 1.1.2), there is very little research investigating 

how anthropogenic noise might have an impact at this life-history stage. Reduced egg viability has 

been observed in Cyprinodon variegatus but not Fundulus similis exposed to higher noise levels in 

tanks (Banner and Hyatt, 1973). Increased mortality was also observed in marine fish eggs up to 20 

m from a seismic source (Kostyuchenko, 1973). However, more recent experimental work failed to 

find any effect of chronic noise on cichlid (Neolamprologus pulcher) embryonic development or 

survival (Bruintjes and Radford, 2014). Simpson et al. (2005) found that embryonic clownfish 

(Amphiprion ephippium and A. rubrocinctus) heart rates increased when noise was played through a 

speaker. Increased heart rate in response to noise is likely to be due to the release of the hormone 

adrenaline as part of the hypothalamic-pituitary-interrenal (HPI), or ‘stress response’ axis. If embryos 

do not habituate to noise and they are exposed to repeated or long periods of noise, chronic 

activation of the adrenal system and the consequent raised metabolic rate could use up finite 

resources, diverting energy away from growth and development. There is no peer-reviewed 

evidence for impacts of noise on marine invertebrate embryos.  
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1.3.2 Larvae 
There is also mixed evidence for impacts of anthropogenic noise on fish larvae. Banner and Hyatt 

(1973) found reduced growth in C. variegatus and F. similis, while Bruintjes and Radford (2014) 

found no impact of chronic noise on N. pulcher growth or survival. Some studies found that 

underwater explosions caused mortality in larval fish of a range of species, and that smaller fish 

were more vulnerable than larger fish (Yelverton et al., 1975; Govoni et al., 2008), yet Bolle et al. 

(2012) found no impact of high sound levels on larval sole (Solea solea) survival. In terms of 

behaviour, Jung and Swearer (2011) showed that boat sound did not stop larvae of several reef 

fishes swimming towards reef sounds played at light traps. However, Holles et al. (2013) showed 

that in choice chambers, more larval Apogon doryssa swam away from reef sound when boat sound 

was played at the same time. 

 Some early evidence from scallops (Pecten novaezelandiae) suggests that marine 

invertebrate larvae may also be impacted by anthropogenic noise—Aguilar de Soto et al. (2013) 

found that exposure to loud impulsive noise caused delayed development and caused 

malformations in scallop larvae—although their study was pseudoreplicated. The abnormalities 

observed were comparable to those caused by chemical pollutants or water acidification, which 

have a clear impact on larval survival (Hamdoun and Epel, 2007). 

1.3.3 Juveniles 
In juvenile fishes, loud impulsive noises can cause injury (Halvorsen et al., 2012) and death 

(Kvadsheim and Sevaldsen, 2005), while infrasound produces flight and avoidance responses 

(Knudsen et al., 1992; Knudsen et al., 1997). Davidson et al. (2009) found that growth of rainbow 

trout (Onochorynchus mykiss) was slower in noisy conditions during the first month, but caught up 

afterwards and there was no difference from controls between 2 and 5 months. In addition, weight, 

length, specific growth rates, condition and survival were no different from 1 to 5 months. This could 

mean that rainbow trout are not affected in the long-term by chronic noise, however, catch-up 

growth could lead to lower fitness due to oxidative stress, as has been previously shown in three-

spined sticklebacks (Gasterosteus aculeatus) (Lee et al., 2013). Other work with rainbow trout found 

that hearing sensitivity, growth, survival, stress and disease susceptibility were not negatively 

impacted by noise levels common to recirculating aquaculture systems between 92 days post-

hatching and 8 months (Wysocki et al., 2007).  
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1.3.4 Research gaps 
Most research on the impacts of anthropogenic noise on fishes and invertebrates (including that on 

adults) has only considered the acoustic pressure component of the sound, whereas we know that 

particle motion propagates differently and is heard by fishes and invertebrates (see Section 1.2). I 

advocate that the particle motion component of sound should be considered of at least equal 

importance to pressure.  

There is also a lack of knowledge about how repeated or chronic exposures might affect 

fishes and invertebrates, as responses could change with time (Bejder et al., 2009); most of the time 

extrapolations are made from short-term responses (but see Wysocki et al., 2007; Davidson et al., 

2009; Anderson et al., 2011; Bruintjes and Radford, 2014 for exceptions). In addition, there are 

known cognitive (such as distraction – Chan et al., 2010; Purser and Radford, 2011) and endocrine 

(such as increased cortisol – Wysocki et al., 2006) responses to noise, which may seem to be subtle 

effects but could affect short-term survival via impacts on predator avoidance (Chan et al., 2010; 

Voellmy et al., 2014a; Simpson et al., 2015). Cognitive and endocrine effects could also impact 

fitness in the long term via reduced condition, ability to reproduce successfully or ability to progress 

through developmental stages fast enough to avoid predation. Evidence for these potential longer 

term impacts is currently lacking. 

Tank environments allow control over a range of factors which could influence experimental 

data such as ambient temperature, background noise, lighting and water chemistry. However, tanks 

create unnatural and unpredictable soundscapes due to near field effects, reflections and 

reverberations (Parvulescu, 1967). Experimental manipulations in field settings are rare for logistical 

reasons, but attempts to conduct experiments in field settings are required to complement data 

from tank studies, to enable this field to move forward (Slabbekoorn, in press).  

1.4 My Thesis  
In summary, the developmental stages of fishes and marine invertebrates use their auditory 

systems, underwater anthropogenic noise is increasing at frequencies which are highly likely to be 

disturbing, and there is a building body of evidence that noise can have negative impacts on fishes 

and invertebrates. Of the sources of underwater anthropogenic noise, traffic noise is the most 

pressing concern because it is the most widespread. However, there is a dearth of well-designed and 

controlled studies on the effects of noise on the developmental stages of fishes and marine 

invertebrates. Tank experiments are more common than field manipulations because conducting 

well-replicated experimental manipulations in field settings is logistically challenging, however, this 

is something I address in my thesis. 

Impacts clearly depend on a variety of factors, including species, size, sound exposure and 
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context (Bruintjes and Radford, 2013; Radford et al., in press). Experimental manipulations with 

suitable controls and replicates are required if the influence of noise is to be isolated; correlative and 

pseudo-replicated studies do not allow confounding factors to be ruled out or strong conclusions to 

be drawn (Slabbekoorn, 2013; Morley et al., 2014). Experiments also need to consider repeated or 

chronic noise exposure because changes across time and cumulative effects may affect animal 

responses (Bejder et al., 2009). Finally, experiments need to consider the particle motion component 

in addition to the sound pressure of exposure. I will address each of these key elements in my thesis. 

In Chapter 2, I focus on the importance of measuring particle motion in studies with fishes 

and marine invertebrates that involve sound. I present computer code which is the result of a 

collaboration with James Campbell (University of Leiden) and Nathan Merchant (Centre for 

Environment Fisheries and Aquaculture Science), and allows a user to analyse tri-axial recordings of 

particle acceleration. This is written for a biologist’s perspective and use. 

In Chapter 3, I present the results of a study investigating how exposure to 16 days of regular 

and irregular traffic noise impacts the behaviour, growth and development in Atlantic cod (Gadus 

morhua) larvae. This work was limited to the less-than-ideal acoustic conditions in aquaria because 

wild larval cod are challenging to find and follow. So, for Chapter 4, I worked in the natural 

environment investigating the impacts of short and long-term traffic noise on juvenile threespot 

dascyllus (Dascyllus trimaculatus), a damselfish species. Specifically, I considered noise-induced 

changes in physiology (opercular beat rate), behaviour (hiding), stress (blood cortisol), growth and 

condition. The fish in this experiment were caged to exclude natural predators, thus we could 

establish whether starvation was a likely cause of death.  

For Chapter 5, I again worked in the natural environment, but this time with uncaged 

juvenile fish, so that we could determine whether predation rates were likely to be higher when fish 

were exposed to traffic noise. I chose a species where the parents provide care to offspring at a nest, 

making them good experimental units for investigating the impacts of traffic noise on offspring 

survival over 12 days. In Chapter 6, I present the results of the first study of the impacts of traffic 

noise on marine invertebrate embryonic development and survival.



22 
 

  



23 
 

Chapter 2: Particle motion: the missing 
link in underwater acoustic ecology  
 

 

This chapter will be submitted to ‘Methods in Ecology and Evolution’ for publication, with the 
following list of authors: 

 

Sophie L. Nedelec, James Campbell, Andrew N. Radford, Stephen D. Simpson, Nathan D. Merchant 

 

Author contributions: 

SLN, ANR and SDS conceived the paper; SLN obtained and tested the accelerometer before writing a 
preliminary version of the analysis program based on sound pressure analysis code provided by 
NDM; JC added many functions and wrote the final version of the analysis program with input from 
SLN; SLN wrote the manuscript with input from ANR and NDM; NDM checked accuracy of the 
manuscript and will add further detail to supplementary materials containing instructions for the 
program. 
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2.1 Introduction 
Aquatic habitats are awash with sensory stimuli: visual, auditory, olfactory, gustatory, magnetic, 

electric, tactile, hydrostatic and geocentric. Of these, auditory cues are particularly effective since 

sound travels relatively far and relatively fast in water (Bradbury, 1998). For this reason, a large 

number of aquatic organisms have evolved ways of detecting and producing sound (Song et al., 

2015). Although aquatic bioacoustics has been an active field of study for many decades (Au and 

Hastings, 2008), investigations of acoustic phenomena in aquatic systems have almost exclusively 

considered only one component of the sound field: sound pressure. The particle motion component 

has been relatively neglected.  

From a biological perspective, we need to concern ourselves with understanding the particle 

motion component of underwater sound for three main reasons. First, while marine mammals use 

sound pressure, all fish and many invertebrates (i.e. most acoustically receptive aquatic organisms) 

detect and use the particle motion component of sound (Popper et al., 2001; Bleckmann, 2004; Kaifu 

et al., 2008). Second, fish and invertebrates are socio-economically important and form the basis of 

many food webs (Béné et al., 2007). Thus understanding how fish and invertebrates use and are 

affected by sound is important to our understanding of their ecology, which in turn will inform our 

sustainable use of them as resources. Third, anthropogenic (man-made) sounds are becoming more 

common and noise pollution is considered a global change which threatens biodiversity (Popper and 

Hastings, 2009; Slabbekoorn et al., 2010). While there is building evidence and accompanying 

legislation surrounding the impacts of anthropogenic noise on fishes and invertebrates, up until now 

the focus has been on sound pressure, which is not the primary stimulus used by these animals. 

In some cases, particle motion can be calculated from sound pressure. However, sound 

pressure and particle motion are directly related only under specific conditions, which are not 

generally met in the shelf seas and shallow waters which most aquatic life inhabit. To characterise 

particle motion in these habitats, it is therefore necessary to make measurements using a particle 

motion sensor. Instruments to measure particle motion have only recently become commercially 

available, and their use in tank experiments and field studies is still in its infancy (Popper et al., 2014; 

Merchant et al., 2015; Martin et al., in press). As the uptake of these novel sensor technologies 

gathers pace, there is a growing need to provide user-friendly guidance on the methods, 

instrumentation, and underlying physics of particle motion measurement to ensure broad 

understanding of—and participation in—this research effort. The relevant audience extends from 

researchers to consultants and environmental managers, who are beginning to address the rising 

influence of anthropogenic noise on aquatic ecosystems. It is important that the significance of 

particle motion measurement is clearly articulated for non-specialists. 
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Particle motion is also important in terrestrial bioacoustics for invertebrates; however its 

measurement is better established (see Morley et al., 2014). Here, we provide a brief introduction to 

underwater particle motion in an ecological context. We begin with an accessible overview of the 

physics of particle motion and the detection of particle motion by fishes and invertebrates. To help 

inform new studies, we offer practical guidance on instrumentation and data analysis techniques for 

particle motion measurement, including software in MATLAB to analyse particle motion data. We 

include a specific example of the collection and analysis of data from a particle motion detector. 

Finally, we identify several key knowledge gaps related to particle motion in aquatic environments 

which warrant further research. 

2.2 Physics of particle motion 
Sound is propagated vibratory energy (Gans, 1992). A sound wave propagates because particles next 

to a vibrating source are moved backwards and forwards by the source in an oscillatory motion; 

these particles then move the particles next to them and so on. Thus, particles of the medium do not 

travel with the propagating sound wave; rather they vibrate backwards and forwards and transmit 

energy to their neighbours. Their oscillatory motion contains information about the direction of the 

propagating wave. Particle motion can be expressed as velocity (m/s), acceleration (m/s2), or 

displacement (m) of the particles. These three qualities are related to one another in a frequency-

dependent way (see Box 1).  

Box 1: Relationships between particle velocity, particle acceleration and particle displacement 

 
Particle velocity, acceleration and displacement are always linked by the following equations: 
Velocity and acceleration: 

𝑎𝑎 = 𝑢𝑢𝑢𝑢, 
(equation 1.1) 

 
where 𝑎𝑎 = acceleration (m/s2), 𝑢𝑢 = particle velocity (m/s) and 𝑢𝑢 = angular frequency (radians/s) = 
2𝜋𝜋𝜋𝜋 (𝜋𝜋 = frequency in Hz). 
 
Velocity and displacement: 

𝜉𝜉 =  𝑢𝑢
𝜔𝜔

, 

(equation 1.2) 

where 𝜉𝜉 = displacement (m), 𝑢𝑢 = particle velocity (m/s) and 𝑢𝑢 = angular frequency (radians/s) = 2𝜋𝜋𝜋𝜋 
(𝜋𝜋 = frequency in Hz). 
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Sound pressure is the pressure difference created by compression of the air between vibrating 

particles. There is a very simple relationship between sound pressure and particle velocity when 

sound is propagating as a plane wave (see Box 2, equation 2.2). Velocity can then be converted to 

acceleration or displacement if desired (Box 1). A plane wave occurs where the wavefront can be 

considered flat: far from the sound source (>1 wavelength, see Figure 2.1), far from boundaries 

where reflections could influence the propagating wave (the definition of ‘far’ here requires 

investigation) and in deep water (deeper than the ‘cut-off’, below which acoustic waves do not 

propagate, see Figure 2.2). Sounds below the cut-off frequency will not propagate as plane waves 

and particle motion cannot be calculated from pressure, thus particle motion should be measured. 

The cut-off frequency (𝜋𝜋𝑐𝑐 ) is calculated using the equation 

𝜋𝜋𝑐𝑐 =  
𝜋𝜋 −  𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠 𝜌𝜌𝑤𝑤⁄

2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜓𝜓𝑐𝑐
𝑐𝑐
𝐻𝐻 

where 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠= sediment density, 𝜌𝜌𝑤𝑤 = water density, 𝜓𝜓𝑐𝑐 = 𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝜋𝜋 𝑐𝑐
𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠

, 𝑐𝑐 = sound speed in water, 𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠 

= water density and 𝐻𝐻 = water depth); see Glossary for further explanation of terms. Were the 

conditions for plane waves are met, or at least allow a realistic approximation, we do not need to 

measure particle motion directly but can calculate it from measurements of sound pressure.  

Box 2: Calculating particle motion from sound pressure 

 
In a plane wave, sound pressure is linked to particle velocity by a very simple equation: 
 
                                                                           𝑢𝑢 =  𝑃𝑃

𝜌𝜌𝑤𝑤𝑐𝑐
,   

(equation 2.1) 
 
where 𝑢𝑢 = particle velocity (m/s), 𝑃𝑃 is acoustic pressure (Pa), 𝜌𝜌𝑤𝑤 = density of the water (kg/m3), and 
𝑐𝑐 = sound speed (m/s) (𝜌𝜌𝑐𝑐 is also known as characteristic acoustic impedance). This is only applicable 
in a plane wave or where a plane wave is a suitable approximation (i.e. in the free field). Particle 
acceleration or displacement can be calculated from velocity using equations in Box 1. 
 
In the near field of a monopole source, far from any boundaries which could lead to the wave not 
propagating due to the cut-off frequency, or reflections that could interfere with the propagating 
wave, the following equation can be used to calculate particle displacement from sound pressure: 
 

𝜉𝜉 =  
𝑝𝑝

2𝜋𝜋𝜌𝜌𝑤𝑤𝑐𝑐
�1 +  �

𝜆𝜆
2𝜋𝜋𝑎𝑎

�
2

�

1
2

 

(equation 2.2) 
 
where ξ = displacement (m), p = pressure (Pa), 𝜌𝜌𝑤𝑤 = density of the water (kg/m3), 𝑐𝑐 = sound speed 
(m/s), and r = distance to sound source (m). Particle acceleration or velocity can be calculated from 
displacement using equations in Box 1. 
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Figure 2.1 Wavelength as a function of frequency, calculated for an assumed sound speed in water of 1500 
ms-1 using λ= 1500/f, where λ = wavelength and f = frequency in Hz. 

 

Figure 2.2 Cut-off frequency as a function of depth, calculated for a coarse silt bottom with a sound speed of 
1593 ms-1 and density of 1693 kgm-3, assuming sound speed in water is 1500 ms-1 and water density is 1026 
kgm-3. The shape of this curve is similar to that in Figure 2.1 because both are distance (either to the source 
as in Figure 2.1, or to boundaries as here) and frequency dependent. These two figures highlight that it is 
near to a source or in shallow waters, at low frequencies that measuring particle motion is most relevant. 
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More complicated situations exist where particle motion can still be calculated from sound 

pressure by modelling using more complex formulae. Models exist for the near field of a monopole 

source, where reflections and the cut-off frequency (Figure 2.2) are not influencing the sound (see 

equation 2.2); and within ¼ wavelength of a boundary where the incident wave is approximately 

normal to the boundary (in this case we advise consulting a sound propagation modelling expert). 

However, wherever these conditions are not met, particle motion should be measured. 

The conditions where the plane wave approximation is inadequate and the other conditions 

described above do not apply vary according to: 1) distance to the sound source; 2) size of the sound 

source; 3) distance to any reflecting boundaries (e.g. surface or bottom); 4) water depth; 5) 

frequency; 6) sound speed in the water; 7) density of the water; 8) sound speed in the sediment; and 

9) density of the sediment. We provide a simple computer program in MATLAB where these 

parameters can be entered and the user will be advised whether they should measure or can 

calculate particle motion. For rules of thumb, distances less than one wavelength (Figure 2.1) of a 

sound source that is not a monopole, require particle motion measurement, and at depths of less 

than 100 m and frequencies less than 1 kHz, the cut-off frequency should be checked (see Figure 

2.2). That is, in shallow water and at low frequency, which is exactly the habitat and frequency range 

most used by fishes and invertebrates. Note that in tanks, resonant frequencies are likely to affect 

the relationship between particle motion and pressure above the cut-off frequency, thus we 

recommend that particle motion should always be measured in tanks, the best method for doing so 

still needs further work. 

2.3 Physiology of particle motion 
Hearing is the detection of propagated vibratory energy (Gans, 1992). All hearing is based on 

mechanosenory hair cells transducing vibrations into electrical signals. Particle oscillations can either 

be detected directly by hair cells that protrude into the medium (air or water), or they can be 

coupled to a solid structure and detect relative motion between the body and the structure (Gans, 

1992). The bodies of fishes and aquatic invertebrates, being composed mainly of water, are coupled 

directly to the medium (water). Thus, the whole body vibrates as a sound wave passes through. 

Denser calcareous structures such as the otoliths and statocysts, which are found in the inner ears, 

lag behind the vibration of the body due to their impedance difference (being denser). Chordontal 

organs are also found in the legs of some crabs and allow detection of sounds propagating in the 

substrate by sensing leg movement (Popper et al., 2001). Hearing in fishes and invertebrates seems 

to be focused in the lower frequencies; although some fish can hear up to over 100 kHz, most have a 

peak sensitivity under 1.5 kHz (Popper and Hastings, 2009). 
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2.4 Instrumentation 
Although measuring particle motion has been possible for decades, the availability of commercially 

produced instruments has only recently begun to make the measurement of particle motion a 

possibility for non-experts. This is a very important development for biologists and regulators alike. 

There are three main methods of measuring particle motion underwater: 1) calculating the pressure 

gradient between two hydrophones; 2) measuring with velocity sensors; and 3) measuring with 

accelerometers (Martin et al., in press). To calculate pressure gradients, it is necessary to calibrate 

the phase response of the hydrophones accurately (phase needs to be known for the calculation of 

velocity from pressure differential) (Zeddies et al., 2010). While this method has been used 

successfully by other authors (e.g. Zeddies et al., 2010), it is accessible only to those with a) 

expensive hydrophones which provide highly accurate phase information and b) the expertise for a 

phase calibration. Velocity sensors (‘geophones’) typically have a very low resonance and are only 

useful at 10s of Hz at most. Velocity sensors make better sensors for seismic measurements, but 

acoustic measurements are better done with accelerometers. As frequency increases, acceleration 

magnitude increases in relation to velocity magnitude, so signal-to-noise ratios will be better with an 

acceleration-based sensor. We feel the accelerometer is the best compromise for measuring particle 

motion levels in the range relevant to fishes and invertebrates.  

 Accelerometers work in a similar fashion to fish ears; the relative motion between the 

device and a denser structure is measured. Thus, the coupling between the device and the water 

must be understood if accurate measurements are to be made. Some suggest that the device needs 

to be neutrally buoyant, meaning that it will behave in the same way as the vibrating water 

molecules (e.g. Leslie et al., 1956). But, neutrally buoyant devices can be difficult to position and 

orientate, as they move around with any water movement. Negatively buoyant devices can be easier 

to use as they can be suspended either from the surface or some kind of frame. The effect of gravity 

is consistently pulling the accelerometer down and can in fact simply be filtered out as a direct 

current effect (i.e. as part of the instrument sensitivity calibration). We note that Sigray and 

Andersson (2011) used a slightly positively buoyant sphere to house their accelerometer and did not 

use the data from the vertical channel due to potential variable effects on the movement of the 

sphere resulting from variable to clable lengths and coupling to the seabed. Thus the vertical 

channel must be reliably calibrated prior to use. 

Off-the-shelf accelerometers are now starting to become available and here we 

demonstrate the use of a particular example: a tri-axial accelerometer from GeoSpectrum 

Technologies, Canada; the M20L. The M20L has three separate outputs, one for each x–y–z axis of 

motion. We used a 4-track recorder (Boss BR-800, Roland, Swansea, UK) to record the three 
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channels, and used the fourth channel for a hydrophone to measure pressure concurrently. Below 

300 Hz, the accelerometer we used was calibrated in air on a vibration table (the most accurate 

method). At lower frequencies, it is possible to couple the vibration table reliably to the 

accelerometer for accurate calibration. At higher frequencies, coupling of the sensor to the table is 

more difficult and mass and resonance of the table itself impact the calibration. Thus, between 300 

and 3000 Hz, the accelerometer was calibrated underwater in the free field (where sounds 

propagate as a plane wave) using pure tones against an already calibrated, pressure-sensitive 

hydrophone. As stated above, in the free field, particle acceleration and velocity can be calculated 

from sound pressure. Calibration of the instrument sensitivity was done for us by the manufacturers 

GeospectrumTechnologies and provided as a sensitivity curve (see Figure 2.3).  

 

Figure 2.3 Sensitivity curve for accelerometer provided by Geospectrum Technologies. 

 

 Changes in proper acceleration (‘g-force’ i.e. acceleration relative to free-fall) are transduced 

by the accelerometer into current fluctuations, which are converted to voltage fluctuations before 

being recorded by a digital device. The digital recorder must also be calibrated. This can be done by 

recording a signal such as a sine wave (or ‘pure tone’) which has a known voltage played directly into 

the recorder. The recorded voltage is then compared to the known voltage to establish the effect of 

the device on the voltage. Step-by-step instructions for calibrating recorders can be found in the 

Supplementary Materials (note that the same method can be used for recorders that are used with 
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hydrophones or microphones). Manufacturers of recorders should provide information on the 

bandwidth over which a recorder has a flat frequency response. This is the range that a calibration of 

a single tone will be valid, provided the tone lies within this bandwidth. It is advisable to calibrate 

recorders at least once per field season, or once a year, whichever is shorter, because it is possible 

that slight changes may occur with age, climate or travel. 

2.5 Data analysis 
When making recordings from an accelerometer, digitally recorded voltage fluctuations represent 

changes in particle acceleration that occur as a result of the particle motion in a sound wave. A plot 

of these fluctuations is called a ‘waveform’; values exceed 0 when the wave is ‘pushing’ away from 

the source (when the phase of the wave is between 0 and 180°) and are below 0 when the wave is 

‘pulling’ towards the source (when the phase of the wave is between 180 and 360°) (see Figure 2.4). 

When all equipment is calibrated, these voltage fluctuations can be represented as particle 

acceleration. Various functions can be applied to waveforms to quantify the sounds they represent, 

thus allowing us to summarise and compare sounds.  

Impulsive and continuous sounds are typically quantified in different ways (Hawkins et al., 

2015). For impulsive sounds, the peak or peak–peak amplitude, 90% energy envelope, rise time, 

crest factor and sound exposure level (SEL) are appropriate measures. For continuous sounds (or 

sounds that are longer-lasting and thus better summarised using approximations to continuous 

sounds), it is more useful to average amplitudes over time. The simple mean level from the 

waveform would result in 0, thus the root-mean-squared (RMS) is used. 

 

Figure 2.4 Schematic of a sine wave showing the concepts of phase, wavelength and peak–peak amplitude. 
Time is on the x-axis. The y-axis could apply to pressure (for sound pressure levels), particle velocity, particle 
acceleration, or particle displacement. 
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Impulsive sounds can be so loud that they can cause physical injury such as barotrauma in 

fish (Halvorsen et al., 2012), although this is not always the case (Kane et al., 2010). Sound energy 

from outside of the hearing range of the animal concerned can contribute to injuries. For this 

reason, energy at all frequencies measured is included in loud impulse measurements (just how loud 

is ‘loud’ is still the subject of much research (e.g. Halvorsen et al., 2012). It is thus important to pay 

attention to the frequency response of equipment used to measure such sounds, because 

conclusions could be compromised if recording equipment is not capable of detecting certain 

frequencies. 

For quieter sounds, the hearing range of the species of interest affects the frequencies that 

are relevant. If the auditory abilities of the species of interest are known (rare, even in the pressure 

domain, but see Casper and Mann, 2007a,b; Radford et al., 2012 for exceptions), irrelevant 

frequencies can be filtered out before calculating impulse metrics or RMS levels. Another useful way 

to account for the fact that different animals have different auditory abilities, and thus may be 

attending to different parts of the same sound to be characterised, is to look at the energy present 

in a range of bandwidths, for example 1 Hz bandwidths. This information can either be plotted over 

time in a 3-D spectrogram (Figure 2.5), where amplitude is coded by colour, or averaged over time 

by RMS and plotted on a 2-D power spectral density plot (Figure 2.6).  

Internationally agreed standard units are not currently available for particle motion 

measurement. However, based on expert advice (Ainslie, pers. comm.), we will use the following 

until such standards are published: velocity (dB re 1 nm/s), acceleration (dB re 1 µm/s2), 

displacement (dB re 1 pm). From a technical viewpoint, velocity, acceleration and displacement are 

equally valid representations. All three have been used in peer-reviewed papers (e.g. Banner, 1968; 

Fay and Popper, 1974; Radford et al., 2012), although published examples of measurements of 

ambient underwater particle motion are rare (Banner, 1968; Lugli and Fine, 2007). We consider that 

the acceleration is the most relevant as it is closest to the way that fish and invertebrate ears 

function. The software provided as an electronic appendix to this chapter (which can be accessed at 

https://www.dropbox.com/sh/havdd2wybvwi39c/AAArOY9vA59ZiPnsSu-FDRQja?dl=0) and 

accompanying instructions found in Appendix 1 will allow a user to accomplish the analyses 

discussed above.  
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Figure 2.5 Example acceleration spectrogram output from a recording of distant boat noise. Window length 
= fs (44100). 

 

 

Figure 2.6 Example acceleration power spectral density figure created in Excel from spreadsheet output of 
mean values from recordings of ambient and boat noise. Window length = fs (44100), mean over 60 s. 
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2.6 Discussion 
It has been known for decades that fish and invertebrates hear particle motion. However, until now, 

most papers written about sound and fishes and/or invertebrates have reported pressure 

measurements and written some kind of cautionary comment about particle motion (e.g. Wale et 

al., 2013a; Neo et al., 2015; Simpson et al., 2015). The main thing holding researchers back from 

reporting particle motion has been availability of equipment and knowledge about how to make 

measurements with such equipment. We are just reaching a stage where commercially available 

equipment means that non-specialists can measure this element of sound.  

We have used the techniques detailed here to characterise underwater soundscapes for 

experiments involving either playbacks or exposure to real anthropogenic noise for fish and 

invertebrates (e.g. Nedelec et al., 2014). We foresee that measurements of underwater particle 

motion will also improve eco-hydro-acoustic models for environmental impact assessments where 

fish and invertebrates could be impacted by anthropogenic noise (e.g. Rossington et al., 2013; 

Bruintjes et al., 2014). Further, that use of particle motion measurements for passive acoustic 

monitoring (as discussed in greater detail in Merchant et al., 2015) would improve our 

understanding of natural soundscapes and the animals within them; for example, sound cues such as 

vocalisations are likely to be detectable at different ranges in particle motion compared with 

pressure. Particle acceleration also contains a directional component. We do not quantify that here, 

but it will be the subject of a future paper. We hope that the analysis program provided will help 

researchers to understand underwater soundscapes better, particularly in shallow water 

environments, and to increase the validity of experimental work. 

  



35 
 

Table 2.1 Glossary, key terms used in definitions are underlined. 

Key Terms Definition References for 
further 
reading 

Acoustic pressure (or 
sound pressure) 

Force of sound on a causing deviation from the ambient 
static pressure, caused by a sound wave. 

(Erbe, 2011) 

Angular frequency Frequency expressed in radians per second (rad/s).To 
convert a frequency in hertz to an angular frequency 
multiply by 2·π  
For an oscillation with period T, the angular frequency ω 
= 2·π / T 

http://www.ac
oustic-
glossary.co.uk/
definitions-
a.htm 

Cut-off frequency Frequency below which sound waves do not propagate 
and particle motion cannot be calculated from sound 
pressure. 

 

dB scale A logarithmic scale used for quantifying sound levels 
because of large dynamic ranges. Unit-less, must be 
expressed with a reference level. E.g. for acceleration, dB 
levels are expressed relative to 1µm/s2.  

(Erbe, 2011) 

Discrete Fourier 
Transform (DFT) 

Function used to transform waveform data from the time 
to the frequency domain.  Basis for spectrograms, power 
spectrums or power spectral density plots. DFT length 
determines the number of frequency bins. 

(Merchant et 
al., 2015) 

Far field Outside of the near field.  
Free field Anywhere that near field effects and interference from 

reflections or standing waves are not influencing the 
sound waves. 

 

Frequency Measured in hertz (Hz), the number of oscillations per 
second. 

 

Hearing Detection of propagated vibratory energy. (Gans, 1992) 
In phase Doing the same thing at the same time. Particles in a 

wave are in phase if they are in the same part of their 
cyclical oscillation. Acoustic pressure and sound particle 
motion can also be in or out of phase due to interference. 

 

Interference Interaction between sound waves. Means rms particle 
motion cannot be calculated from rms sound pressure 
using the simple equations in Box 1. Happens when two 
or more coherent sound waves propagate in the same 
space at the same time. The forces of the different waves 
can interact to create elliptical particle movements and 
particle motion that is out of phase with sound pressure. 

(Kuttruff, 
2006) 

Near field Region close to sound source where sound waves from 
different areas of the source can interfere with one 
another, or if from a point source, the wavefront is too 
curved to be approximated by a plane wave. Particle 
motion levels are higher relative to sound pressure levels 
in the near field than in the far field. Rule of thumb is that 
the near field is anywhere within one wavelength of the 
source. 

 

Phase The phase is the fraction of the cycle of oscillation that 
the particle is going through (all the particles in a sound 
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wave are vibrating backwards and forwards repetitively 
and passing that motion onto the particles adjacent to 
them). See Figure 2.4. 

Plane wave Wave whose wavefronts are infinite parallel planes of 
constant amplitude normal to the phase velocity vector. 

 

Point source Sound source that is a pulsating sphere approximated to 
take up zero space 

 

Power spectral 
density 

Plot of power vs frequency. Frequency bin width depends 
on DFT length but amplitude levels normalised to 1 Hz 

(Merchant et 
al., 2015) 

Power spectrum Plot of power vs frequency. Frequency bin width and 
amplitude levels depend on DFT length. 

(Merchant et 
al., 2015) 

RMS Root-mean-square, used to average sound pressure or 
particle motion in time or frequency. 

 

Sampling frequency (fs) the number of times a recorder samples the 
fluctuating voltage of your instrument per second. 

 

Sine wave Pure tone. Frequency (number of oscillations per second) 
and amplitude (strength of the signal) are constant. 

 

Sound Propagated vibratory energy. 
Mechanical longitudinal wave that travels in its medium 
by oscillation of its particles creating alternating 
compressions and rarefactions. 

(Erbe, 2011) 

Sound particle 
motion 

Oscillatory movement of particles associated with a 
sound wave. Can be expressed as displacement, velocity, 
or acceleration and has a directional or vector 
component. NB there are many other particle 
movements that are not related to sound. 

 

Spectrogram Three-dimensional plot of the spread of sound energy 
across frequency and time bins.  

(Merchant et 
al., 2015) 

Standing wave Type of sound wave that occurs when oblique or right-
angle incident waves are reflected from a surface and 
reflected waves interfere with incident waves. Creates a 
particular type of interference where the maximum of 
the velocity/acceleration coincides with a minimum of 
the sound pressure and vice versa. 

(Kuttruff, 
2006) 

Waveform Plot of amplitude vs time, could be of uncalibrated 
voltages or calibrated sound pressure or particle motion 
values. 

(Merchant et 
al., 2015) 

Wavefront Area in space containing adjacent particles of a medium 
which are all in the same phase of a sound wave. 

 

Wavelength Distance between two particles that are in the same 
phase of the wave, one full oscillation apart. Depends on 
frequency and density and temperature of the medium. 
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3.1 Introduction 
Some anthropogenic (man-made) noise, such as that arising from traffic, resource extraction and 

construction, is now recognised as a form of pollution both in air and underwater (Barber et al., 

2010; Slabbekoorn et al., 2010). An increasing number of studies have demonstrated that, from 

individual behaviour and physiology up to community structure, a wide variety of species are 

affected by noise (Slabbekoorn and Halfwerk, 2009; Kaiser et al., 2011). However, the majority of 

experiments have examined the impact of short-term exposure (Francis and Barber, 2013; Morley et 

al., 2014). Repeated and/or chronic exposure could alter how terrestrial and aquatic animals 

respond to noise as a consequence of changes across time and cumulative effects (Bejder et al., 

2009; Blickley et al., 2012; Wale et al., 2013b). Recent evidence using brief (30 min) exposures also 

indicates that different temporal patterns of noise may impact animals in different ways (Neo et al., 

2014), but long-term studies of how different noise patterns or ‘regimes’ may affect animals 

differently are needed for more effective regulation of this global pollutant. 

When exposure to any stressor (physical, chemical, or perceived) is repeated, animals could 

either habituate (where responses diminish with repeat exposures due to increased tolerance) or 

sensitise (where responses augment due to reduced tolerance) (Bejder et al., 2009). Shifts in 

tolerance may be dependent on the intensity, duration and interval time of stressors (reviewed in 

Barton, 2002). In humans, unwanted repetitive sound can become annoying and disrupt task 

performance, especially if noise is unpredictable (reviewed in Cohen and Spacapan, 1984). 

Predictability of noise does not affect cognitive impairment in rats (Prior, 2002), but stress responses 

in fish can be influenced by predictability in other contexts; for example, predictable confinement 

leads to a reduced cortisol (stress) response compared with unpredictable confinement in the cichlid 

Oreochromis mossambicus (Galhardo et al., 2011). Knowledge about the impacts of predictable 

compared with unpredictable noise is important in the context of regulation, because patterns of 

activity could be altered to minimize effects of anthropogenic noise. 

We examine how repeated exposure to predictable and unpredictable acoustic disturbance 

(playback of recordings of ship noise) during rearing affects behaviour, growth and body-shape 

development in larval Atlantic cod (Gadus morhua). Previous studies on impacts of anthropogenic 

noise on aquatic organisms have focussed on behaviour and physiology (e.g. Picciulin et al., 2010; 

Holles et al., 2013; Wale et al., 2013a,b; Simpson et al., 2015) with changes during development 

understudied. Young animals may be most vulnerable due to reduced ability to move away from 

sources of noise. Noise has been shown to cause body malformations and delay development in 

scallop embryos (Aguilar de Soto et al., 2013), impair survival of embryos and the growth of larvae in 

fish (Banner and Hyatt, 1973), and compromise embryonic development and larval survival in sea 
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hares (Nedelec et al., 2014). Effects on survival during early life stages when natural mortality is high 

can result in greater population fluctuations than impacts at the adult stage (Armsworth, 2002; 

Gagliano et al., 2007; Victor, 1983), and survival through developmental stages is a key driver of 

population dynamics. 

Due to their socio-economic importance and the vulnerability of many species to 

anthropogenic pressures such as overfishing and climate change (Harley et al., 2006; Simpson et al., 

2011a), fish are an important taxon to consider with respect to acoustic noise. All fish detect sound, 

often possessing specialised auditory apparatus, and thus are exposed to underwater anthropogenic 

noise including ships across the globe (Popper, 2003; Bleckmann, 2004). Mounting evidence shows 

that at least some fish species can be negatively impacted by noise (e.g. Picciulin et al., 2010; Holles 

et al., 2013; Hawkins, 2014; Simpson et al., 2015), but whether these effects persist with repeated 

exposure is unknown. We studied Atlantic cod because of their auditory ability (Chapman and 

Hawkins, 1973), high socioeconomic value, vulnerability to overfishing, and north Atlantic 

distribution that overlaps with one of the busiest shipping areas in the world (Sobel, 1996; Kaluza et 

al., 2010).  

We reared cod from hatching in three different noise regimes: continuous playback of 

ambient harbour noise; predictable additional noise (continuous playback of ambient harbour noise 

plus recordings of ships passing through the harbour played back in a regular pattern); and 

unpredictable additional noise (continuous playback of ambient harbour noise plus the same 

recordings of ships played back in a random pattern). We predicted that exposure to additional 

noise during rearing would reduce growth, increase yolk sac use and reduce body width–length ratio 

(condition indicator), and that these responses would be lessened by habituation when noise 

exposure during rearing was predictable but not when unpredictable. We also predicted that short-

term exposure to additional noise would lead to increased startles and reduced predator-avoidance 

behaviour, with these behavioural responses lessened by habituation in fish that had been reared 

while exposed to predictable additional noise compared with fish reared in control conditions. 

3.2 Materials and Methods 
Work was carried at Ardtoe Marine Laboratories, Acharacle, West Highlands, Scotland. Twelve tanks 

were allocated randomly across the three treatments (control ambient noise (‘A’), predictable 

additional noise (‘P’), unpredictable additional noise (‘U’)). Hatching-stage eggs from four separate 

batches obtained from broodstock were allocated to treatments in the most balanced way possible 

(given a stocking density of 7000 eggs per tank): one batch was split between two treatments (A, P); 

two batches were split between all three treatments (A, P, U); and the final batch was split between 
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the remaining four tanks (A, P, U, U). There were thus four replicate tanks for each of the three 

rearing treatments. 

3.2.1 Cod rearing protocol 
Egg collection and egg and larval rearing followed standard procedures adopted at the Viking Fish 

Farms for cod. Fertilised eggs were collected in April 2012 from 10 female and six male adult Atlantic 

cod (F2 hatchery-reared brood stock) that were housed at ambient temperature and photoperiod in 

a cylindrical tank of diameter 5.3 m and depth 3 m, supplied with filtered sea water pumped from 

the ocean. Eggs were collected at 15:00 each day and checked for developmental stage under the 

microscope to ensure eggs were developing synchronously; cod generally spawn in the middle of the 

night (Engen and Folstad, 1999), thus more than 98% of eggs collected were stage 2 (12–24 h post 

fertilisation, with ‘many cells’). Eggs were disinfected with Sorgene-5 (2 ml per litre) for 45 s to 

remove any pathogens accumulated in egg collectors before incubation. All eggs collected on a given 

day were defined as one ‘batch’. Each batch was incubated in a separate 80 L conical tank with 

gentle aeration and continuous water flow to maintain an even distribution of eggs in the water 

column, as is common with pelagic marine fish egg aquaculture (Brown et al., 2003). Incubation 

temperatures were 9.0–10.3°C (within the optimal range for survival – Brown et al., 2003); salinity 

was 34–35 ppt (shown to give the highest hatching success – Brown et al., 2003); and eggs were 

incubated in darkness. 

Cod were not exposed to noise as part of the experiment until they hatched as larvae, but 

each batch of eggs was measured throughout the egg phase to avoid potential differences due to 

egg quality. The quality was measured immediately after collection as the total weight of all live 

(floating) eggs, the ratio of live to dead (sinking) eggs, and egg size and fertilisation rate. Egg quality 

was also monitored during incubation by the estimated weight of live eggs remaining, based on the 

weight of dead eggs cleaned from the bottom of the tank each day. The highest quality batches of 

eggs available at the time of stocking (as defined by large batches with the best survival, with 

fertilized eggs of consistent large size) were selected for the rearing experiments. The 

developmental stages of eggs were monitored by daily examination of a sub-sample under the 

microscope. Eggs reached the final stage of embryonic development prior to hatching after 75 

degree days (number of days post fertilisation x temperature in °C), at which point the number of 

eggs was estimated from counting the number of eggs in five 60-ml sub-samples. Eggs were 

disinfected for a second time with Sorgene-5 (2 ml per litre) for 45 s before dividing eggs into one of 

12 100-L experimental tanks at 70 eggs per litre. 
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Once eggs were in the rearing tanks, water flow to bins was set at 0.1 litres per min, air flow 

was stopped until all eggs had hatched (day 0 post-hatching) to allow eggs to float at the surface. 

Eggs that did not hatch and died sank to the bottom of the tank and were siphoned out and 

weighed. Approx. 50% of eggs in the same batch in all cases hatched overnight on the first night in 

the bin, playback started the following morning; in all cases, the remaining 50% of eggs hatched or 

died over the following 48 h. Once all eggs had hatched, water flow was reduced to 0.05 litres per 

min and 500 ml of algae (Dunalliella sp.) was added to increase the opacity of the water and provide 

a food source for the cod larvae and their rotifer prey (Sherwood, pers. comm.). This did not differ 

between treatments. A 12:12 photoperiod was provided with an identical light source above each 

bin. At day 1 post-hatching, ca. 1 million rotifers fed with commercially available enrichment 

(Multigain or Ori green) were added to each bin. Following this, ca. 1 million rotifers and 500 ml of 

algae were added to each bin daily. Aeration ensured a uniform distribution of prey, and skimmers 

removed oil and debris from the surface of the water once the larvae were no longer floating at the 

surface (between 2 and 5 days post-hatching). At day 10 post-hatching, water flow was increased to 

0.1 litres per min. The temperature was 9.7–11.6°C and salinity was 34–35 ppt. 

3.2.2 Ship and ambient noise recordings 
Recordings were made of 12 different ships, fishing vessels and a tug (hereafter referred to as 

‘ships’) in Peterhead and Southampton, UK (see Table 3.1 for details). Recordings in Peterhead were 

made using an accelerometer (M30, sensitivity frequency dependent between 0.1 and 3 kHz 

(calibrated by manufacturers), Geospectrum Technologies, Dartmouth, Canada) and an 

omnidirectional hydrophone (HTI-96-MIN, sensitivity -164.3 dB re 1 V/μPa; frequency range 0.002–

30 kHz, High Tech Inc., Gulfport MS) connected to a fully calibrated solid-state recorder (PCM-M10, 

44.1 kHz sampling rate, Sony Corporation, Tokyo, Japan; recording level calibrated using pure sine 

wave signals from a function generator with a measured voltage recorded in line with an 

oscilloscope). The accelerometer and hydrophone were positioned at a depth of 5 m in water 10–12 

m deep, close to the entrance to the harbour, where ships passed at 150–250 m at a speed of 9 

knots. Recordings in Southampton were made using an omnidirectional hydrophone (Bruel & Kjaer 

8103, sensitivity -174.0 dB re 1 V/μPa; frequency range: 0.01 – 180 kHz). The hydrophone was 

positioned at a depth of 4–8 m in water 8–16 m deep, 20–40 m from the shore. Ships took 15 min to 

pass, thus each ship recording contains an approach, pass and departure of a vessel where 

maximum amplitude occurred around 7.5 min. Ambient noise was also recorded at each location 

under the same recording conditions when no boats or ships were passing. 
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Table 3.1 Details of ships recorded for use in playback experiments. 

Ship Date 
recorded 

Port Location Weight 
(t) 

Length 

(m) 

Breadth 

(m) 

Year 
built 

Kyoto 
Express 

04/04/08 

Southampton 
50° 54’ 11” N 

1° 26' 23’’ W 

103800 334 42 2005 

Vega 
Stockholm 

04/04/08 8306 129 21 2006 

Verlaine 14/04/08 2893 114 13 1980 

Bibby 
Topaz + 
Tug Blue 
Toon 

31/03/12 

Peterhead 
57° 29’ 47” N 

1° 46’ 32” W 

5337 105 20 2007 

Troms 
Capella 

31/03/12 4800 88 19 2011 

Grampian 
Talisman 

31/03/12 3890 73 17 2007 

Rockwater 
1 + 2 
fishing 
boats 

01/04/12 1530 98 18 1983 

Skandi 
Skansen 

01/04/12 4982 109 24 2011 

Northern 
Pioneer 

31/03/12     

UP Jasper 31/03/12 4900 87 19 2011 

Aspen 01/04/12 3159 83 12 2000 

Vest Viking 
(fishing 
boat) 

01/04/12  63 13  
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3.2.3 Playbacks 
Four unique replicates for each of the three sound treatments (ambient (A), predictable additional 

noise (P), unpredictable additional noise (U)) were made. We used 12 recordings of separate ship 

passes that were cropped into 15-min samples containing the approach, pass and departure of the 

vessel. Each replicate received an individual combination of nine ships. In treatment P one ship was 

played every hour along with 45 min of ambient noise from the same day and location. Control 

treatments A1, A2, A3 and A4 mirrored the predictable treatments except 15 min ambient noise 

from the same day and location was played in place of each ship pass to control for an effect due 

simply to track changes. Unpredictable treatments U1, U2, U3 and U4 used the same playback files 

as the equivalent predictable treatments, but the timing and order of ship playbacks was 

randomised within 6 h blocks, including the possibility of overlapping. Overlapping resulted in higher 

sound levels (e.g. the peak level increased by 1.6 dB in a case of full overlap). Twenty-four different 

6-hour blocks were made for each replicate and these were played in a different randomised 

sequence each 6 days. 

3.2.4 Acoustic analysis 
Acoustic analyses were performed in MATLAB v2010a. Recordings were split into 1 s windows that 

were Hamming filtered before performing a Fast-Fourier Transform (FFT) of window length 44100 to 

transform the data into the frequency domain. Data were calibrated according to instrument 

sensitivity and recorder attenuation, then squared before the mean of all the 1 s values were taken 

at each frequency within each recording. Data were log-transformed to dB re 1 µPa2/Hz for pressure 

or dB re 1 (µm/s2)2/Hz for particle acceleration. Sound-pressure levels and particle acceleration of 

ships at sea and their playback in experimental rearing bins, measured in the middle of the water 

column, were compared (Figure 3.1). Since sound-pressure and particle-acceleration levels vary 

widely over short distances in small bodies of water, these comparisons are for illustrative purposes 

only and do not necessarily represent the levels fish were exposed to at different places in the 

rearing bins. Playback recordings were made 20 cm from the surface in the centre of a rearing bin 

during the experiment, thus under realistic conditions of sound transmission between tanks. 
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Figure 3.1 Power spectral density of (a) sound-pressure level and (b) monoaxial particle acceleration of 
recordings of a ship (10s) and ambient noise (60s), plus their playback in a rearing bin. Window length = 
44100. Sound pressure levels of ship and ambient playbacks match original recordings better than particle 
motion levels; particle motion levels increase with decreasing frequency in playbacks relative to original 
recordings due to near field effects. However, the most important thing to note is that ship noise playback is 
always louder than ambient noise playback, and that the difference in level between ship and ambient noise 
is maintained in playbacks. Some harmonic structure was present in some recordings; this is an artefact of 
recording via a laptop. 

3.2.5 Experimental setup 
Experimental tanks were 100-L black plastic bins, diameter 42 cm at the base sloping to 50 cm at the 

top. Bins were 80 cm tall and were filled with mechanically and UV filtered seawater at ambient 

temperature to 60–65 cm. Bins were 81 cm apart within three rows of four, and rows were 134 cm 

apart. Bins were stood on wooden stands on soundproof matting on a concrete floor to minimise 

sound transmission into tanks (confirmed by sound recordings; Figure 3.1). Temperature was 

monitored at least daily and maintained at 9.7–11.6°C with no bias between temperature and 

treatment (in a two-way ANOVA including days and degree days as factors, effect of chronic noise 

treatment: F2,30 = 0.8, p = 0.924). An underwater loudspeaker (UW-30, frequency response 0.1–10 

kHz, University Sound, Whitehall, Ohio, USA) was mounted, facing upwards, in the bottom of each 

bin. Playbacks were from mp3 players (Mini Clip, TopTechDirect, UK) via 40 W amplifiers (Kemo 

Electronic, Germany).  

Sound exposure began 6 h after all live eggs hatched (eggs from the same batch in all cases 

hatched overnight within 12 h; playback started the following morning) and continued 24 h per day 

until the end of the experiment (after sampling at 16 days post-hatching). We refer here to ‘playback 

of ambient noise’ and ‘playback of ship noise’ to mean introduction of sound using acoustic 

recordings of ambient noise and ship noise via loudspeakers. The sound exposures we used were: 

ambient control (playback of ambient noise 24 h per day); predictable additional noise (playback of 

ambient noise with one 15-min ship pass per hour); and unpredictable additional noise (playback of 
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ambient noise with six 15-min ship passes every 6 h at random times, allowing for overlapping). The 

‘traffic exposure’ for predictable and unpredictable treatments was thus the same over any 6 h 

period. Figure 3.1 shows example sound-pressure and particle-acceleration levels in rearing tanks. 

Four different replicates of each sound treatment were used (one per tank). 

3.2.6 Startle response at 12 h post-hatching 
Preliminary observations revealed that newly hatched fish were either still or startling (rapid 

contractions of muscles causing body curvature) and that they ‘settled’ (when the startle responses 

reached a stable baseline rate of 1–2 per min) within 2 min of disturbance (after introduction to the 

arena and after acoustic disturbance). A repeated-measures experiment was conducted to test how 

individual fish (six from each rearing tank) responded to short-term exposure to an additional-noise 

track or a matching ambient-noise control track (originating from the same harbour). Each fish 

(measuring ~ 5 mm) was introduced to the experimental arena (a Petri dish containing new water 

for each trial, with opaque bottom and sides suspended 10 cm above a loudspeaker in a bucket of 

water 25 cm deep), allowed to settle for 2 min, and then exposed to one of the playback tracks. 

After 2 min re-settling time, the fish received the second playback track. During treatments, the 

number of startles was counted. All observations were made by S.L.N. who was blind to the rearing 

condition of fish. Five different additional-noise and control tracks were used and the order of 

treatments was balanced. Sound-pressure levels of additional-noise and control playbacks were 

measured (Figure 3.2); due to the size of the experimental arena, it was not possible to measure 

particle acceleration. 

  

Figure 3.2 Sound-pressure levels of ship, ocean ambient noise and their playback in the startle-response 
experimental arena. Window length = 44100. 
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3.2.7 Growth: use of yolk sac, size-at-age and body width–length ratio 
Photographs were taken of 10 fish from each rearing bin at 1 day post-hatching (dph; before first 

feed), 2 dph (after first feed) and 16 dph, under a microscope with 10 mm graticule connected to a 

digital camera. One bin from each treatment could not be sampled at day 16 due to low survival. It 

was not possible to make measurements from all photographs due to difficulties positioning the 

fragile larvae under the microscope; only photographs with good enough larval positioning were 

used (at least 5 from each bin). The maximum length and width measures of the yolk sac were 

digitised using four landmarks via TpsDig software (Rohlf, 2001). Yolk sac centroid size (a metric of 

size calculated as the square-root of the sum of squared distances of individual landmarks from the 

centroid of the landmark configuration – Bookstein, 1991) was determined using TpsRelw (Rohlf, 

2010). Body length was digitised using six landmarks from the tip of the top lip to the base of the tail, 

and myotome length was digitised in TpsDig and PAST (Rohlf, 2010) by two landmarks either side of 

the myotome at the position of the anus (Figure 3.3). Myotome length is a measure of the amount of 

muscle on the fish. Body width–length ratio was calculated as myotome length divided by body 

length. 

 

Figure 3.3 Landmarks digitising yolk sac (1–4), body length (5–10) and myotome length (11–12). 
 

3.2.8 Anti-predator response at 16 days post-hatching 
We developed an independent-measures anti-predator response experiment, whereby flight 

behaviour was assessed in response to attempts to catch the fish using a pipette (the same method 

used for transferring fish). We used the same arena as for the startle-response experiment. Ten 

individuals from each rearing tank were tested, and on transfer to the arena were initially allowed to 

settle for 4 min during which time ‘flight responses’ (swimming rapidly in any direction) ceased in all 

cases within the first 2 min. Fish were then exposed to 3-min playback of either a control (ambient 

harbour) track or an additional-noise (ship recording) track, the order of which (between fish) was 

randomised and controlled by an assistant. After 3 min of playback, the fish was approached with a 1 

ml pipette from behind and chased until it was caught in the pipette. The response measure was 

thus ‘time-to-catch’. All pipette manipulations were made by S.L.N. who was blind to the rearing 
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condition of the fish and “blind” to the test sound treatment due to masking by music through 

earphones (see also Simpson et al., 2015). Sound-pressure levels of recordings of control and 

additional-noise conditions in the experimental arena were measured (Figure 3.4). 

 

Figure 3.4 Sound-pressure levels of a ship, ocean ambient noise and their playbacks in the anti-predator 
experimental arena. Window length = 44100. 

 

3.2.9 Statistical methods 
General linear mixed effects models (LMM) fit by maximum likelihood (Laplace approximation) were 

used, where distributions of data allowed sufficiently good model fit (after log transformation to 

meet the assumption of normality where necessary), to test for the effects of noise treatment while 

controlling for the random effects of rearing bin and batch. Any effects such as slight temperature 

variations between bins were controlled for by the statistical models. The variance caused by and 

standard deviation of the variance for each random effect are presented alongside the results of 

models. To establish the best-fitting model, terms were eliminated one by one from a maximal 

model. Simplified models were compared with more complex ones using maximum likelihood ratio 

tests that employ chi-square statistics to establish whether a simpler model is significantly worse at 

explaining the data than a more complex one. If a simpler model is not significantly worse when a 

term is removed, the simpler model is better and thus the term is dropped. If a simpler model is 

significantly worse, the term is maintained in the model (Meyer, 1991). The degrees of freedom 

from maximum likelihood tests presented in the Results are the difference between the degrees of 

freedom of the simpler and the more complex models. All potential interactions of fixed effects were 

examined and are only presented where their exclusion from the model made the model 

significantly worse at explaining the data at the level p < 0.10. In the case where interaction terms 
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were included in the best model, planned contrasts were conducted using Markov Chain Monte 

Carlo methods. Z tests were used for post-hoc tests where the sample size was large (> 20); t tests 

were used where the sample size was small (< 20). Effect sizes are given with standard errors. 

Rearing noise treatment (A,P,U), short-term playback (control, additional noise) and days post-

hatching were included as fixed effects.  

Startle response data were distributed in a way that precluded general or generalized linear 

mixed effects models fitting the data well. In this case, a Wilcoxon signed ranks test was used to test 

the effect of short-term playback on the number of startles made by an individual. An ANOVA was 

used to test the effect of rearing noise treatment on the log transformed difference in the number of 

startles in ambient versus ship-noise playback within individual fish. All statistics were performed in 

R version 3.0.1.  

3.3 Results 

3.3.1 Startle response at 12 h post-hatching 
Cod larvae startled significantly more often (a median of 4.5 more startles in a 2 min period) when 

exposed to short-term additional noise compared to a control playback (Wilcoxon test: W = 758.5, n 

= 52, p < 0.001; Figure 3.5). The startle responses began at the onset of experimental additional 

noise and continued intermittently throughout the 2 min of playback. There was no significant effect 

of rearing noise treatment on the difference between the number of startles in the two short-term 

playback trials (ANOVA: F2,49 = 1.49, p = 0.235; Figure 3.6).  

  



51 
 

 

Figure 3.5 Startle responses of larval cod. Median number of startles during 2 min exposure to ambient and 
additional-noise playbacks represented by black line. Grey lines join results for individual fish during 2 min 
exposure to ambient and additional-noise playbacks. N = 52. 

 

Figure 3.6 Startle responses of larval cod. Mean ± 1 se difference in number of startles in additional-noise 
playback compared with ambient-noise playback for fish from the three different rearing noise treatments. 
N = 17–18 per rearing treatment. 
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3.3.2 Use of yolk sac 
After controlling for effects of rearing bin (LMM: variance = 0.002, standard deviation = 0.048) and 

batch (variance = 0.004, standard deviation = 0.059), yolk sac centroid size was significantly affected 

by the interaction between rearing noise treatment and days post-hatching (dph) (χ2
2 = 31.40, p < 

0.001; rearing noise treatment: χ2
1 = 3.27, p = 0.195; dph: χ2

1 = 179.14, p < 0.001; N = 25–35 per 

treatment/day combination; Figure 3.7). Overall, yolk sacs decreased in size between days 1 and 2 

by 0.128 ± 0.022, but fish reared with predictable additional noise had yolk sacs at day 2 that were 

smaller than those in the control (t test: t232 = 3.53, p = 0.001; effect size = 0.148, standard error (se) 

= 0.042) and unpredictable (t232 = 2.31, p = 0.021; effect size = 0.094, se = 0.041) treatments; yolk 

sacs in unpredictable and control treatments were not significantly different in size at day 2 (t232 = 

1.30, p = 0.194; effect size = 0.054, se = 0.041).  

 

Figure 3.7 Mean ± 1 se yolk sac centroid size (unitless measure) at 1 and 2 days post-hatching. 
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3.3.3 Size-at-age 
After controlling for bin (LMM: variance < 0.001, standard deviation < 0.001) and batch (variance < 

0.001, standard deviation < 0.001), there was a significant interaction between rearing noise 

treatment and dph on size-at-age (χ2
4 = 10.56, p = 0.032; rearing noise treatment: χ2

2 = 4.86, p = 

0.089; dph: χ2
2 = 51.30, p < 0.01; N = 19–35 per treatment/day combination). Fish from all three 

rearing conditions grew during the 16-day experiment (Figure 3.8), but at 2 dph, fish from the 

control treatment were longer than those from both predictable and unpredictable noise 

treatments, which did not differ significantly from one another (Table 3.2). There was no significant 

difference between lengths of fish from different rearing noise treatments at day 16 (Table 3.2).  

 

Figure 3.8 Mean ± 1 se body length at 1, 2 and 16 days post-hatching. 

Table 3.2 Planned contrasts for post-hoc testing of the effect of the interaction between rearing noise 
treatment and days post-hatching on body length. A = Control, P = Predictable, U = Unpredictable. 
Significant results are shown in bold. 

Days 
Post-
hatching 

Rearing Noise 
Treatments Estimate 

Standard 
Error t value 

Degrees of 
Freedom p 

1 A x P -0.07 0.21 -0.32 250 0.746 
1 A x U 0.09 0.21 0.41 250 0.680 
1 P x U 0.15 0.20 0.76 250 0.447 
2 A x P 0.00 0.20 0.01 250 0.990 
2 A x U 0.54 0.20 2.68 250 0.008 
2 P x U 0.54 0.20 2.68 250 0.008 

16 A x P 0.01 0.22 0.04 250 0.972 
16 A x U 0.35 0.22 1.58 250 0.114 
16 P x U 0.34 0.22 1.55 250 0.123 
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3.3.4 Body width–length ratio 
After controlling for bin (LMM: variance < 0.001, standard deviation = 0.002) and batch (variance < 

0.001, standard deviation = 0.001), there was a non-significant trend for an effect of the interaction 

between rearing noise treatment and dph on body width–length ratio (χ2
4 = 7.83, p = 0.098; rearing 

noise treatment: χ2
2 = 0.22, p = 0.898; dph: χ2

2 = 87.15, p < 0.001; N = 21–35 per treatment/day 

combination; Figure 3.9). Overall, width–length ratio declined during the course of the experiment, 

but the greatest decline was in fish from the predictable noise treatment at 16 dph (t265 = -1.98, p = 

0.049; Table 3.3). There was no significant difference in width–length ratio between fish from 

different rearing noise treatments at day 2 (Table 3.3).  

 

Figure 3.9 Mean ± 1 se body width–length ratio (myotome length/body length) at days 1, 2 and 16 post-
hatching. N = 19–35 per treatment/day combination. 

Table 3.3 Planned contrasts for post-hoc testing of the effect of the interaction between rearing noise 
treatment and days post-hatching on body width–length ratio. A = Control, P = Predictable, U = 
Unpredictable. Significant results are shown in bold. 

Days 
Post-
hatching 

Rearing Noise 
Treatments Estimate 

Standard 
Error t value 

Degrees of 
Freedom p 

1 A x P -2.59 x 10-4 1.97 x 10-3 -0.13 265 0.895 
1 A x U 5.41 x 10-4 2.01 x 10-3 0.27 265 0.788 
1 P x U 8.00 x 10-4 2.01 x 10-3 0.40 265 0.691 
2 A x P 1.47 x 10-3 1.99 x 10-3 0.74 265 0.459 
2 A x U 9.89 x 10-4 2.00 x 10-3 0.49 265 0.621 
2 P x U -4.84 x 10-4 1.99 x 10-3 -0.24 265 0.808 

16 A x P -4.35 x 10-3 2.20 x 10-3 -1.98 265 0.049 
16 A x U -3.04 x 10-3 2.25 x 10-3 -1.35 265 0.178 
16 P x U 1.31 x 10-3 2.18 x 10-3 0.60 265 0.547 
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3.3.5 Anti-predator response at 16 days post-hatching 
After controlling for bin (LMM: variance = 0, standard deviation = 0) and batch (variance = 0.005, 

standard deviation = 0.070), there was a strong, but non-significant, trend towards an effect of 

short-term noise exposure on time to catch (χ2
1 = 3.40, p = 0.065; Figure 3.10). Fish took 0.17 ± 0.09 s 

longer to be caught during additional-noise playback compared to ambient-noise playback. Rearing 

noise treatment did not significantly affect time to capture (χ2
2 = 0.65, p = 0.724). We investigated 

the relationship between noise, morphology and behaviour post-hoc and found that width–length 

ratio had a significant effect on time to catch (χ2
1 = 14.05, p < 0.001, N = 13–17 per rearing 

treatment/short-term noise treatment combination; Figure 3.10). An increase in width–length ratio 

of 0.1 meant fish took 0.9 ± 0.8 s longer to be caught.  

 

Figure 3.10 Time to catch fish with a pipette depending on body width–length ratio. Data points are coded 
according to rearing noise treatment (shape) and short-term noise exposure (colour). N = 13–17 per rearing 
treatment/short-term noise treatment combination. 

 

All data are available at doi:10.5061/dryad.qq7mr. 
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3.4 Discussion 
Exposure to additional acoustic noise affected larval cod behaviour, growth and development. Short-

term exposure caused startle responses in newly hatched larvae from all three rearing conditions. 

Two days of additional noise of both predictable and unpredictable regimes reduced growth, while 

predictable noise led to faster yolk sac use compared to ambient-noise or unpredictable-noise-

reared fish. After 16 days, growth of fish from all three rearing conditions converged, although fish 

exposed to predictable noise had lower body width–length ratios. Larvae that had a lower body 

width–length ratio were easier to catch in a predator-avoidance experiment. Although noise regime 

during rearing did not directly affect the behaviours measured, predictable noise could impact larval 

cod survival via an indirect effect on body development. Other studies have found mixed results on 

effects of noise on growth in fish (Banner and Hyatt, 1973; Wysocki et al., 2007; Davidson et al., 

2009; Bruintjes and Radford, 2014). We provide the first evidence of an effect of anthropogenic 

noise on larval yolk sac use. Moreover, we demonstrate that noise regime can affect impacts (see 

also Neo et al., 2014). Our results were contrary to our hypothesis that an unpredictable regime 

would be worse than a predictable one, as was found in relation to other stressors in fish (Galhardo 

et al., 2011); rather, predictable noise was more disturbing than unpredictable noise.  

Newly hatched fish startled more often during additional noise than controls in the short-

term. Noise-induced startle responses have been reported in adult fish by other researchers (e.g. 

Kastelein et al., 2008; Purser and Radford, 2011). Six hours prior exposure to predictable or 

unpredictable noise did not affect the tolerance of larvae to noise in the short-term experiment, 

suggesting neither habituation nor sensitisation. As noise is not a direct threat of predation, startling 

during noise with failure to habituate may incur energetic costs to larvae without any associated 

fitness benefits.  

Larvae exposed to predictable and unpredictable noise grew less between days one and two 

than ambient controls but growth caught up by day 16. Banner and Hyatt (1973) found that fish 

larvae exposed to higher noise levels grew less in the first 12 days post-hatching, while Bruintjes and 

Radford (2014) found that noise did not impact larval fish length or weight after four weeks post-

hatch. Similarly, Davidson et al. (2009) found that higher noise levels reduced juvenile growth in the 

first month followed by catch-up growth, resulting in no difference after five months. Stunted initial 

growth could be an indicator that noise is a stressor (Barton, 2002). Subsequent catch-up growth 

could lead to lower lifetime fitness due to oxidative stress, as has been previously shown in fish (Lee 

et al., 2013). 
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Larvae exposed to predictable noise used their yolk sacs faster after two days of exposure 

and had a lower body width–length ratio after 16 days post-hatching compared to those raised in 

ambient or unpredictable noise. Lower body width–length ratio suggests less muscle per body size. 

Predictable noise may lead to a shift in resource allocation from maintenance of reserves to chronic 

activation of the adrenal system, incurring an allostatic load (McEwen and Stellar, 1993). 

Alternatively, larvae may have perceived additional noise as a source of risk, diverting attention 

towards risk detection and avoidance, reducing foraging efficiency (Purser and Radford, 2011). After 

exposure to a source of risk, animals are likely to return gradually, rather than immediately, to a 

situation where the risk is no longer perceived as relevant (Higginson et al., 2012). While immediate 

behavioural responses such as startles may quickly return to baseline levels, foraging behaviour is 

likely to have a longer latency for recovery. It is therefore possible that the time intervals between 

predictable additional-noise events (45 min) did not allow sufficient time for recovery of foraging 

behaviour to compensate for the energetic costs when foraging was disrupted. This may have led to 

a cumulative stress response (Schreck, 2000).  

There was a trend towards short-term playback of additional noise leading to fish taking 

longer to catch, which contrasts previous results showing the impacts of noise on predator 

avoidance behaviour in eels (Simpson et al., 2015). Simpson et al. (2015) found that eels were caught 

twice as quickly by a ‘pursuit predator’ (handnet) when exposed to playbacks of ship noise compared 

to playbacks of ambient harbour noise. However, this effect was less strong than the effect of body 

width-length ratio. Larvae with lower body width–length ratios were caught faster in the predator-

avoidance experiment. We did not find a direct effect of rearing noise treatment on time-to-catch, 

but our results suggest that predictable noise exposure could indirectly affect survival via an effect 

on body width–length ratio. An effect on survival at this early life-history stage, even if subtle, may 

have consequences for population dynamics because high mortality of the early stages means that 

small changes in selective mortality have a substantial influence on population fluctuations 

(Armsworth, 2002; Gagliano et al., 2007; Victor, 1983).  

Fish larvae in our experiment were exposed to the same number of additional acoustic noise 

incidences on average (six every 6 h), but the predictable regime had a stronger effect than the 

unpredictable regime. The unpredictable treatment included both shorter and longer time intervals 

than the predictable disturbance. We hypothesise that shorter time intervals during the 

unpredictable disturbance had no further impact, while longer time intervals during unpredictable 

disturbance allowed compensation and/or habituation (many species of fish show their highest 

plasma cortisol levels within 0.5-1 h after a stressful disturbance – Barton, 2002). It is also possible 
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that the greater intensity of sound occurring when two additional-noise incidences overlapped in 

time had no further impact, while the reduction in total time of additional-noise exposure brought 

about by such overlaps contributed to the longer time intervals allowing compensation and/or 

habituation. Therefore, further work could potentially reveal that predictable disturbance with 

longer time intervals between exposures than in this experiment may result in reduced effects on 

yolk sac use, growth and development. 

We used underwater loudspeakers to expose the larvae to noise in tanks and this is not fully 

representative of anthropogenic noise in natural settings; due to proximity to the sound source, the 

particle motion component of the sound was higher than would be expected for comparable 

pressures in natural conditions where ships were passing. Interference of sound waves due to 

reflections from tank boundaries and the frequency response of speakers also meant that some 

frequencies were comparatively louder or quieter than would be expected of real ship or ambient 

harbour noise. It should also be noted that the acoustic conditions in the Petri dish experiments 

would be different from those in rearing tanks (for instance, particle motion would be higher). The 

importance of our experiments is that they demonstrate the potential for predictable and 

unpredictable acoustic disturbances to have different effects, even when the number of ship passes 

in playbacks was carefully controlled. Thus, the use of laboratory conditions allowed us to test for 

specific effects of disturbance predictability by controlling for potential confounding factors 

(Simpson et al., 2015); future work will need to examine how wild fish respond to real-world noise 

sources in natural conditions. Taken together, our findings reveal that noise can have effects on fish 

that extend beyond immediate impacts and are dependent on exposure regime. These results 

therefore have important wider implications for research on the impacts of anthropogenic 

disturbances on animals. 
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Chapter 4: Increased tolerance to 
anthropogenic noise playback in a coral 
reef fish, the threespot Dascyllus 
(Dascyllus trimaculatus) 
 

 

A modified version of this chapter will be submitted to ‘Ecology’ for publication. 
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4.1 Introduction 
Anthropogenic (man-made) noise is now a globally recognised pollutant. As well as featuring in 

national and international legislation (e.g. the European Commission Marine Strategy Framework 

Directive and the United States National Environmental Policy Act), mounting evidence shows that 

anthropogenic noise can impact behaviour and physiology in a broad range of taxa (Barber et al., 

2010; Slabbekoorn et al., 2010; Morley et al., 2014). However, response variables in the majority of 

studies are only measured once and only after relatively short-term noise exposure. There is some 

evidence that on-going exposure to anthropogenic noise can impact animals (Barber et al., 2010; 

Blickley et al., 2012; Crino et al., 2013), yet there are few studies that investigate how responses may 

change over time (although see, for exception, Wale et al., 2013b). This is an important 

consideration in the context of regulation, because human disturbance of natural habitats is 

becoming more frequent and the pervasive nature of anthropogenic noise means that animals are 

likely to be exposed multiple times during their lifetime.  

 Research in other fields reveals that animal responses to various stimuli can change over 

time with repeat exposures (Bejder et al., 2009). Responses may be heightened (reduced tolerance); 

one explanation for which could be sensitisation (Richardson et al., 1995). For example, yellow-eyed 

penguins (Megadyptes antipodes) from areas of greater human disturbance show higher baseline 

corticosterone levels (Ellenberg et al., 2007). Alternatively, responses could be attenuated (increased 

tolerance); one explanation for which could be habituation (Thorpe, 1963). For example, male white-

crowned sparrows (Zonotrichia leucophrys) in breeding pairs decreased several behavioural 

responses (song and flight) with repetition of playbacks of conspecifics (Petrinovich and Patterson, 

1979). If animals continue to respond to stimuli they could become chronically stressed (Cyr and 

Romero, 2009), with potential downstream effects on growth and condition (Anderson et al., 2011). 

If an animal habituates fully to a stressor, baseline cortisol concentration, behaviour and health will 

be the same as unstressed animals (Cyr and Romero, 2009). Experimental data with repeat measures 

from the same individuals over time are lacking in field studies of anthropogenic noise, so whether 

animals are able to habituate to anthropogenic noise is unknown. 

We used a field-based experiment on a coral reef fish to investigate the effects of repeated 

exposure to playback of motorboat noise over three weeks. Fish are socio-economically important 

yet many species are vulnerable to anthropogenic pressures such as overfishing and climate change 

(Harley et al., 2006; Simpson et al., 2011a). All fish detect sound, often possessing specialised 

auditory apparatus, and are exposed to underwater noise across the globe (Popper, 2003; 

Bleckmann, 2004). There is increasing evidence that at least some fish species can be affected by 

anthropogenic noise, including behavioural changes such as foraging, nest caring and predator 



63 
 

avoidance (Picciulin et al., 2010; Bruintjes and Radford, 2013; Simpson et al., 2015), and 

physiological changes such as increases in plasma cortisol concentrations, oxygen consumption and 

ventilation (opercular beat rate) (Wysocki et al., 2006; Anderson et al., 2011; Simpson et al., 2015). 

However, the majority of studies on the impacts of noise have focused on short-term responses. The 

few that have conducted longer term experiments have been conducted in tanks (Davidson et al., 

2009; Anderson et al., 2011; Bruintjes and Radford, 2014).  

While tanks offer certain benefits, such as greater control over environmental variables, the 

acoustics of small tanks mean that relevant sound exposure levels are very difficult to measure and 

control (Parvulescu, 1967). Ideally, therefore, studies on the impacts of anthropogenic noise on fish 

should be conducted in field conditions. Coral reefs are also socio-economically important yet 

vulnerable to anthropogenic change (Wilkinson, 1996). Moreover, they offer ideal opportunities for 

detailed studies of fish in their natural environment because many species in such habitats occupy 

permanent, small territories in shallow water with high visibility. Wherever humans inhabit coastal 

waters, small boats provide a ubiquitous source of anthropogenic disturbance, including generation 

of additional noise (Whitfield and Becker, 2014).  

In this study, we exposed juvenile coral reef fish to playbacks of motorboat noise. Dascyllus 

trimaculatus is a site-attached damselfish which is easily observed in shallow waters (Bernardi et al., 

2012). As juveniles, D. trimaculatus associates closely with anemones and schools can be relocated 

successfully to different anemones to create independent experimental units. We relocated 24 

schools of D. trimaculatus to anemones that surrounded loudspeakers playing either motorboat 

noise or ambient noise in the lagoon of Moorea, French Polynesia to: 1) test for a short-term 

response to boat noise; 2) investigate whether tolerance of anthropogenic noise may change over 

several days of exposure; and 3) investigate whether anthropogenic noise results in chronic stress. 

Specifically, we tested whether hiding behaviour and opercular beat rate responses to boat-noise 

playback differed after repeat exposure. We predicted that if fish tolerance to playbacks decreased, 

these responses would be heightened, and if tolerance increased these responses would attenuate. 

We also measured size, condition and baseline plasma cortisol concentrations to test the longer 

term consequences of any change in tolerance to repeated playback of anthropogenic noise.  

4.2 Methods 
Work was conducted from the CRIOBE research station, Moorea, French Polynesia. Approval was 

granted from the animal ethics committee of le Centre National de la Recherche Scientifique (CNRS), 

for sacrificing and subsequently dissecting fish (Permit Number: 006725). None of the fish species 

are on the endangered species list and no specific authorization was required from the French 
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Polynesian government for collection.  

4.2.1 Sound recordings and playback design 
We made boat recordings during the day (on 4/11/2010 and 5/11/2010) at 2 m depth in a deep bay 

in the lagoon on the east coast of Moorea using a hydrophone (HiTech HTI-96-MIN with inbuilt 

preamplifier; sensitivity 2165 dB re 1 V/mPa; frequency range 2 Hz–30 kHz; High Tech Inc., Gulfport 

MS) and a solid-state recorder (Edirol R-09HR 16-bit recorder; sampling rate 44.1 kHz; Roland 

Systems Group, Bellingham WA). The recorder was fully calibrated using pure sine wave signals 

generated in SAS Lab (Avisoft, Germany), played on an mp3 player, measured in line with an 

oscilloscope. We made 36 recordings of passes made by two typical outboard motor boats with 25 

horse power Yamaha engines; one boat was used per recording. Boats started 50 m from the 

hydrophone and drove past in a straight line for 100 m; passing the hydrophone at a closest distance 

of 10 m. We also made 12 ambient-noise recordings (without boats) on location each day. 

We clipped boat recordings to 45 s samples that each contained one pass; ambient noise 

recordings were clipped into 64 s samples. We then constructed two 12-h replicate playback tracks 

for each sound treatment using different mixtures of boat and ambient-noise samples selected at 

random. Boat-noise playback tracks (‘Boat’ treatment) included one boat and four ambient-noise 

samples each 5 min, to give a regular rate of boat passes; ambient-noise tracks (‘Ambient’ 

treatment) included no boat-noise samples. A chosen 12-h track was played between the hours of 

06:00 and 18:00 (during daylight hours when boats normally moved around the island). All fish 

therefore received ambient sound from the environment (e.g. from the nearby reef), in addition to 

that included in the playback of recordings taken from another location. Only fish in the Boat 

treatment received the added effect of boat noise for 45 s every 5 min, totalling 144 boat passes per 

day. 

Playbacks were from underwater loudspeakers (UW-30, frequency response 0.1–10 kHz, 

University Sound, Columbus, USA) connected to mp3 players (Sansa Clip1, SanDisk, Milpitas, CA, 

USA). Loudspeakers were fixed facing upwards to the sandy bottom of experimental sites. We 

measured both sound pressure and particle acceleration (using the hydrophone described above 

and an M20L accelerometer, sensitivity 0–3 kHz, manufactured and calibrated by GeoSpectrum 

Technologies, Dartmouth, Canada; recorded on a laptop via a USB soundcard, MAYA44, ESI 

Audiotechnik GmbH, Leonberg, Germany) to compare playbacks of boat passes with real boat 

passes. Playbacks were recorded at 1 m from the speaker, at the location of the experiment with 

experimental apparatus in place. Real boat passes for the comparison were recorded with the same 

hydrophone and accelerometer using the same boats making passes at 10 m at a nearby lagoon 

location (Figure 4.1). Acoustic analyses were performed in MATLAB v2010a: Fast-Fourier Transforms 
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transformed time domain recordings into the frequency domain before power spectral density was 

calculated to allow comparison of sound levels for each treatment across the frequency range 100–

3000 Hz.  

 
Figure 4.1 Power spectral densities (PSD) of (a) sound pressure and (b) monoaxial particle acceleration of 
original recordings of boats and boat playbacks at experimental site along with ambient noise and ambient 
noise playbacks. Window length = 1024. Playbacks were affected by near field effects and speaker 
performance meaning some frequencies were louder and other s quieter, but boats were louder than 
ambient noise and boat playbacks were louder than ambient noise playbacks. Some recordings contained 
harmonic noise at 50 Hz intervals, this was an artefact of recording via a laptop. 

4.2.2 Experimental sites and design 
We used two sites, one for each sound treatment (Boat and Ambient) in each of two replicate trials 

(Figure 4.2). Treatment allocation to sites was alternated between temporal replicates to control for 

unknown site differences; sites were similar in depth (1.3–1.8 m), water turbidity, prevailing 

currents, proximity to reef (~10 m) and nearest boat channel (~60 m). We allocated replicate 12-h 

playbacks to sites and temporal replicates in a Latin-square design. Sites were 100 m apart and 

playbacks at one site could not be heard above local ambient noise levels from the other (verified 

with sound pressure and particle acceleration recordings – the recordings shown in Figure 4.1 of 

playbacks at each site were taken while playbacks were ongoing at the alternate site. Sound travel 

between the two sites may have been limited due to the sandy bottom with occasional coral 

bommies and coral rubble and the fact that between the two sites there is a large area where the 

depth reduces to 40 cm, cutting off low frequencies.)  

 
Figure 4.2 Map showing the arrangement of sites used for the experiment. Site 1 was used for Boat 
treatment in the first temporal replicate and Ambient treatment in the second, vice versa for Site 2. 
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Juvenile Dascyllus trimaculatus (threespot dascyllus) were collected using clove oil and hand 

nets from anemones around the north coast of Moorea and introduced to one of 12 experimental 

anemones (6 per site). Anemones had been relocated to the two experimental sites to surround 

speakers so that each anemone was 1 m from a speaker and 1 m from neighbouring anemones on 

either side. Anemones were 20–40 cm in diameter and were attached to dead coral which rested on 

the sand. D. trimaculatus took shelter in the anemone within seconds of being introduced. Each 

anemone received a school of 12 fish; 10 fish with standard length <20 mm (‘focal fish’) and two fish 

with standard length 35–45 mm (for aiding settlement and measuring blood cortisol concentration). 

Fish on the same anemone were introduced on the same day; fish on different anemones could be 

introduced on different days. Each anemone was surrounded by a cage to exclude predators. Cages 

were 50 cm diameter, 1 m high cylinders made from 6 mm-square metal mesh. Cages were fixed to 

the sandy bottom of the lagoon flat using 1 m metal pegs hammered into the sand. 

4.2.3 Hiding behaviour  
A video camera (GoPro Hero 2) was placed on the top of each cage to film down through an opening 

for 20 min (during the period of four boat passes in the Boat treatment) between 15:00 and 18:00 

on the second day of playback exposure. Filming was also targeted for 10 min between 06:00 and 

10:00 after 1 week (7–9 days) and 2 weeks (14–18 days) of playback exposure. Videos were watched 

without sound by an observer that was blind to experimental treatment. The first 5 min were 

discarded as preliminary observations revealed that behaviour stabilised 5 min after the start of the 

video (when schools were disturbed by the presence of someone setting up the camera). We then 

focused on the 50 s prior to a boat pass (‘pre’), the 45 s of the boat pass (‘during’) and the 50 s 

following a boat pass (‘post’) in Boat replicates. Scan samples of fish behaviour were performed 

every 10 s during pre-, during- and post-exposure periods. Scans in matched periods were also made 

of Ambient replicates. In each scan, each focal fish was recorded as hiding or not hiding. Fish were 

defined as hiding in the protection of the anemone if all or part of their body was within anemone 

tentacles or if they were within one body length of the rim of the anemone (the underside of the 

anemone where there are no tentacles). In each video, the mean number of focal fish hiding in pre-, 

during- or post-exposure periods were used for statistical analysis (thus the sample size was 

determined by the number of schools).  

4.2.4 Ventilation rate: Opercular beat rate (OBR) 
Four randomly selected focal fish were caught from each cage between 6:00 and 9:00 after 1 week 

and 2 weeks of playback exposure. Fish were introduced one at a time to the experimental arena, a 

20 x 20 x 15 cm plastic tub suspended mid-water on the same sand flat (100 m from experimental 

cages). The arena was 1 m from a loudspeaker that was placed on the sandy bottom facing upwards 
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(sound exposure thus matched that in the cages). Fish were observed for 1 min settling time, 

followed by 1 min during playback of ambient noise where OBR was counted to establish a 

‘baseline’, followed by 1 min during playback of either a different ambient-noise track or boat-noise 

track while OBR was counted. Boat-noise playbacks were composed of loops of the loudest 2 s of 

boat passes with a 10 s ramp-up. Four replicate playbacks of each sound treatment were used. Fish 

were randomly allocated to short-term sound treatment and the observer was blind to the long-

term treatment when possible (dependent on whether fish from both Boat and Ambient schools 

were available on the same day; ca. 50% of the time). After the experiment, fish were taken back to 

the CRIOBE research station.  

4.2.5 Size, weight and body condition  
The standard length of each fish was measured before entering the experiment, and lengths did not 

differ between sound treatments (independent samples t test: t282.7 = 0.07, p = 0.944). Fish that were 

taken back to the research station after week 1 and week 2 were sacrificed using an overdose of 

MS222 before standard length (using a ruler, to 1 mm) and wet weight (using a balance, to 0.001 g) 

were measured. These were used to calculate condition factor using the following formula: 

𝐾𝐾 =  
105𝑊𝑊
𝐿𝐿3

 

where: 

K is the Condition Factor, W is the wet weight of the fish in grams (g) and L is the standard length of 

the fish in millimetres (mm) (Nash et al., 2006). 

4.2.6 Blood cortisol concentration  
After 18–21 days, the fish that were remaining in each cage were caught and a blood sample was 

taken to investigate the impact of long-term boat-noise playback on baseline plasma cortisol levels. 

Samples were obtained from 12 fish across eight different anemones in the Ambient treatment and 

14 fish across nine different anemones in the Boat treatment. Fish were decapitated and bled from 

the caudal vein within 0:22–4:23 min (mean = 1:40 min) of the start of capture attempts. Time to 

bleed (independent samples t test: t23.7 = 0.05, p = 0.960), standard length of fish bled (t23.9 = 0.53, p 

= 0.599) and number of days fish had spent in the cage (t23.9 = 0.54, p = 0.596) did not differ 

significantly between sound treatments. Blood was collected in a heparinised capillary tube primed 

with 2 µl of enzyme immunoassay (EIA) buffer. After the sample was taken, a further 18 µl of the EIA 

buffer was added to the capillary tube. Samples were kept on ice until they were centrifuged for 10 

min at 10 000 rpm, to separate red blood cells from plasma and buffer to determine haematocrit. 

Plasma cortisol concentrations were measured using a Cortisol EIA Kit (No. 500360, Cayman 
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Chemicals, SPI BIO, France) as described in (Mills et al., 2010) and validated for this species 

(Appendix 2). A high degree of accuracy and precision was achieved with samples from D. 

trimaculatus using the cortisol kit, as determined from intra- (4.4%; n = 14) and inter-assay (7.6%; n 

= 4) variability respectively (Appendix 2).  

4.2.7 Statistics 
Where there were sufficient data, we used general linear mixed effects models to test for impacts of 

boat-noise playback. Linear mixed-effects models with normal errors were used to analyse the effect 

of short and long-term playback exposure on the change in OBR from baseline and the effect of long-

term noise treatment on baseline OBR, size, weight and condition. Number of days exposure was 

included in the models as a fixed effect and anemone was included as a random effect which was 

specific to temporal replicate. The minimal model was obtained by sequential deletion of fixed 

effects and their interactions where they were found to be non-significant. Significance was tested 

by likelihood ratio model comparisons of the maximal model with the nested model where an effect 

in question was dropped. Chi-squared statistics and p-values for fixed effects were obtained by 

likelihood ratio tests comparing the minimal model with a model excluding the effect where it was 

included in the minimal model, or including the effect where it was not. The degrees of freedom 

given are the difference in degrees of freedom for the two models compared and the degrees of 

freedom for the minimal model. The variance and standard deviation for the random effect of school 

and the size of any effects with standard error (se) are given.  

Elsewhere, we used paired t tests or Wilcoxon signed-ranks tests on the mean per school 

(selected after checking relevant assumptions of normality and heterogeneity of variances). To 

establish whether the noise of boat passes affected hiding behaviour, the mean number of fish 

hiding in schools was compared for pre–during, during–post and pre–post comparisons in a 

repeated-measures design (within-schools comparison). Mean cortisol concentration for each Boat 

school was compared with mean cortisol concentrations in Ambient schools in an independent-

measures design (between-schools comparison). 
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4.3 Results 

4.3.1 Hiding behaviour  
On day 2, a significantly greater proportion of focal fish in Boat schools were found hiding in the 

anemone during boat-noise playback compared with pre-noise (paired t test: t7 = 2.38, p = 0.049). 

On average, 0.83 more fish were found hiding during than pre-boat noise (95% CIs: 0.0059–1.6618; 

Figure 4.3). In the 50 s post-boat-noise exposure, the number of fish hiding declined slightly but was 

not significantly different to the number during boat noise (t7 = 0.63, p = 0.546, mean difference = 

0.71, 95% CIs = -1.94–3.36). The post-exposure number of focal fish hiding did not differ significantly 

from the pre-exposure number (t7 = 0.43, p = 0.679, mean difference = 0.11, 95% CIs = -0.52–0.76). 

There were no significant differences in the number of fish hiding in the anemone between any pair 

of equal time points in Ambient schools (N = 5, t test p-values > 0.1). Nor were there significant 

differences in the number of fish hiding in the anemone when comparing pre–during, during–post 

and pre–post periods at weeks 1 and 2 (N Boat week 1 = 9, N Boat week 2 = 11, N Ambient week 1 = 

10, N Ambient week 2 = 7, paired t tests or Wilcoxon signed ranks tests p-values > 0.1; Figure 4.3).  
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Figure 4.3 Proportion of the total number of focal fish in the school hiding during three periods of playback 
(pre-, during and post-boat-noise playback periods; in Ambient schools, ‘during’ refers to the matching time 
points in videos when Boat schools received b oat playbacks, when Ambient schools continued to receive 
ambient-noise playback). Grey lines represent the mean proportion within schools; thick black lines 
represent means across all schools. a) Boat day 2; b) Boat week 1; c) Boat week 2; d) Ambient day 2; e) 
Ambient week 1; f) Ambient week 2. 
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4.3.2 Opercular beat rate 
The interaction between long-term and short-term noise exposure affected the change in OBR from 

baseline (LMM: χ2
3 = 81.80, p < 0.001; long-term noise: χ2

1 = 6.84, p = 0.009; short-term noise: χ2
1 = 

48.41, p < 0.001; Figure 4.4), after controlling for school (variance = 27.57, standard deviation = 

5.25). Number of days of long-term noise exposure had no significant effect on the change in OBR 

(χ2
1 = 1.39, p = 0.239). Table 4.1 shows the results of post-hoc tests for planned contrasts. 

 

Figure 4.4 Mean ± 1 se change in ventilation rate (opercular beat rate: OBR) from baseline when fish that 
had been exposed to long-term ambient or boat-noise playback were played a short-term ambient or boat-
noise track. Long-term Ambient Short-term Ambient: N = 40; Long-term Ambient Short-term Boat: N = 43; 
Long-term Boat Short-term Ambient: N = 44; Long-term Boat Short-term Ambient N = 45. 
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Table 4.1 Planned contrasts for post-hoc testing of the effect of the interaction between long- and short-
term playbacks on opercular beat rate. A = Ambient, B = Boat. Significant results are shown in bold. 

Long-term : 
Short-term 
treatment 
combination Estimate 

Standard 
Error t value 

Degrees of 
Freedom p 

A:A x A:B 31.42 3.66 8.59 141 <0.001 
A:A x B:B -21.72 5.07 -4.28 141 <0.001 
A:B x B:B 19.84 4.27 4.65 141 <0.001 
A:B x B:A 21.72 5.07 4.28 141 <0.001 
B:B x B:A -9.69 3.52 -2.76 141 0.007 
A:A x B:A -1.88 4.39 -0.43 141 0.668 

 

4.3.3 Size, weight and body condition  
After controlling for the effects of school, although there was a significant effect of days in the cage, 

there was no significant effect of long-term noise on standard length (LMM: χ2
1 = 0.11, p = 0.745; 

days in cage: χ2
1 = 20.26, p < 0.001; school variance = 0.71, standard deviation = 0.84), wet weight 

(χ2
1 = 0.16, p = 0.694; days in cage: χ2

1 = 15.79, p < 0.001; school variance = 0.03, standard deviation 

= 0.16) or body condition (χ2
1 = 0.30, p = 0.582; days in cage: χ2

1 = 5.90, p = 0.015; school variance = 

0.00, standard deviation = 0.06) (Ambient: N = 82; Boat: N = 93).  

4.3.4 Blood cortisol concentration  
Long-term playback had no significant effect on the baseline cortisol concentration (independent 

samples t test: t15 = 1.8, p = 0.091; Figure 4.5). 

 

Figure 4.5 Mean ± 1 se baseline plasma cortisol concentration in fish exposed to 18–21 days of either 
ambient- or boat-noise playback. 
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4.4 Discussion 
We found a behavioural and a physiological response to boat-noise playback in the short term: after 

two days of exposure, Dascyllus trimaculatus were more likely to hide in the anemones they 

associated with during the 45 s of a boat pass playback than in the 50 s before, and naïve fish also 

showed an increased ventilation rate (Opercular Beat Rate: OBR) in response to noise in the short 

term (1 min exposure). Our results concur with other studies that have found short-term 

behavioural and physiological effects of anthropogenic noise in fish (Wysocki et al., 2006; Picciulin et 

al., 2010; Simpson et al., 2015). However, we also found evidence that in the longer term, boat-noise 

playback did not cause chronic stress responses: size, weight, condition and baseline cortisol levels 

were not significantly different from ambient-noise exposed controls after up to 21 days. We also 

found evidence for behavioural attenuation: after 1 week of boat-noise exposure, hiding responses 

were no longer observed during boat passes in repeat measures of the same fish. In addition, after 1 

week of boat-noise exposure, OBR increased less in response to boat-noise playback.  

Typical interpretations of how increases in hiding behaviour and OBR could impact fitness 

are that less time is available for foraging, or that the animal was exhibiting a stress response. 

Reduced resource acquisition could lead to reduced growth, body condition and ultimately either 

starvation, reduced ability to escape predators, or fewer or poorer quality offspring (e.g. Picciulin et 

al., 2010). Stress responses are associated with increases in cortisol which can have ‘detrimental 

effects on growth, sexual maturation and reproduction, immunological function and survival’ 

(Wysocki et al., 2006 and references therein). Our data show that after one week of exposure, hiding 

and OBR responses are attenuated, calling into question such extrapolations from short-term 

responses (see also Bejder et al., 2006). Attenuated responses remained consistent into the second 

week of noise exposure and were accompanied by no significant differences in size, weight, 

condition or baseline plasma cortisol concentration between fish exposed to ambient- or boat-noise 

playback. Changes in weight and baseline plasma cortisol are usually seen when animals are under 

chronic stress (Dickens and Romero, 2013). 

Possible explanations for the increased tolerance that we observed are hearing threshold 

shifts or other physiological impairment, or habituation. We designed our noise exposure to be 

below the level likely to cause hearing loss based on the limited knowledge we have from auditory 

abilities in other species (Amoser and Ladich, 2003; Ramcharitar and Popper, 2004; Smith et al., 

2004). We also measured size, weight, condition and baseline cortisol, finding that fish did not seem 

to be otherwise physiologically impaired. As we caged fish, emigration of more sensitive individuals 

could not explain the increased tolerance of schools. Thus, habituation is the most likely explanation 

for our results. Habituation entails learning by animals that a stimulus does not represent a threat; in 
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order to show habituation the same individuals must be tested over time and a diminished response 

must be observed. Habituation has previously been studied in other contexts (e.g. the siphon 

withdrawal reflex to a jet of seawater wanes with repeat stimulation in Aplysia – Carew and Kandel, 

1973, as does the mobbing of predators in chaffinches if the stimulus is prolonged or repeated – 

Hinde, 1954). We provide the first evidence of this kind from a field-based experimental 

manipulation involving anthropogenic noise using hiding behaviour.  

Although non-significant, there was a trend towards a decrease in baseline plasma cortisol 

levels in D. trimaculatus after 3 weeks of exposure. Although rarer than increases in baseline plasma 

cortisol, a decrease can also be a sign of chronic stress (Dickens and Romero, 2013). Taken together 

with incomplete attenuation of the ventilation-rate response, an alternative explanation is that D. 

trimaculatus were mildly chronically stressed by boat-noise playback. Again, there is therefore the 

possibility that growth, condition, survival and reproduction could be impacted beyond the duration 

of our study. 

Care must be taken when extrapolating these results to real-world noise sources, other 

species, other timescales, or animals that are not protected from predation by cages such as in our 

experiment. Care must also be taken when interpreting our findings because we used underwater 

loudspeakers instead of real boats. The regime of sound exposure in our experiment was highly 

regular; one boat playback every 5 min during daylight hours. Although areas of regular disturbance 

exist, in many cases exposure to boat noise might be less predictable. Nedelec et al. (in review) 

showed that in Atlantic cod (Gadus morhua), chronic predictable noise led to reduction in body 

condition when compared to unpredictable noise, however different species may respond 

differently. We also caged fish to exclude predators and prevent emigration; Simpson et al. (2015) 

found that predator avoidance behaviour in European eels (Anguilla anguilla) was negatively 

impacted by exposure to ship-noise playbacks, thus there is the possibility that our experimental 

subjects were cognitively impaired but the exclusion of predators protected them. Further work 

should investigate whether uncaged fish are impacted by anthropogenic noise. Finally, while we do 

believe that all our evidence points to fish becoming habituated to boat-noise playback, it should be 

considered that habituation does not necessarily link with better welfare or chances of survival. Fish 

that are habituated to boat noise may be more likely to be exposed to predation risk (from fishing) 

or exposure to disease (Bejder et al., 2009).
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Chapter 5: Boat-noise playback impacts 
parental behaviour and offspring 
survival 
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5.1 Introduction 
A major challenge in the 21st Century is mitigating the wide range of human impacts on the 

environment. There is growing awareness about the influence of human activities on whole 

ecosystems, and specific concern about global pollutants as we head into the sixth mass extinction 

(Pimm et al., 2014). Evidence that the pervasive pollutant, anthropogenic noise, has detrimental 

effects on a wide range of species is mounting: mammals, birds, anurans, fishes and invertebrates 

can all be affected (see reviews in (Tyack, 2008; Barber et al., 2010; Slabbekoorn et al., 2010; 

Normandeau Associates, 2012; Morley et al., 2014; Shannon et al., 2015). Studies showing short-

term impacts of noise are numerous, from hair-cell damage in the ear to reduced opportunity for 

copulation (Hastings et al., 1996; Kaiser et al., 2011). Chronic effects of noise have also been 

identified, including altered habitat use and reduced pairing success (Habib et al., 2007; Francis et 

al., 2011), and recent studies demonstrate impacts of noise at the community level (Francis et al., 

2009; Slabbekoorn and Halfwerk, 2009). National and international legislation now calls for the 

regulation of anthropogenic noise (e.g. European Commission Marine Strategy Framework Directive, 

United States National Environmental Policy Act), but effective regulation of this global pollutant 

requires evidence on the ultimate costs to animals (impacts on individual fitness and population 

viability). However, studies that reveal direct fitness consequences via experimental manipulations 

with suitable controls and replicates are rare (although see Francis et al., 2011; Nedelec et al., 2014 

for exceptions).  

 Parental care is tightly linked to reproductive output (Clutton-Brock, 1991). This behaviour 

arises when offspring are produced that are incapable of surviving alone, and requires the careful 

balancing of investment by parents in provisioning and defending offspring while ensuring their own 

survival and future prospects for reproduction (Smith and Smith, 2001). Anthropogenic noise is 

known to affect parental behaviour, for example reducing time spent tending nests in damselfish 

(Chromis chromis) (Picciulin et al., 2010), increasing latency to visit a nest box in great tits (Parus 

major) (Naguib et al., 2013), and increasing missed detections of parents leading to reduced begging 

in tree swallows (Tachycineta bicolor) (Leonard and Horn, 2012). Although implied, none of these 

studies were able to demonstrate a direct impact on fitness. While noise has clear effects on 

survival-related behaviour in the short term (e.g. Simpson et al., 2015), there remains the possibility 

that ongoing exposure would allow animals to habituate, compensate, or move away from the 

source (Bejder et al., 2009; Normandeau Associates, 2012; Morley et al., 2014). 

We investigated the effects of repeated exposure to anthropogenic noise on parental behaviour 

and offspring survival in a coral reef fish, the spiny chromis (Acanthochromis polyacanthus, Bleeker), 

using playbacks of recordings of motorboat noise, the most common source of anthropogenic noise 
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in shallow reef environments (Vasconcelos et al., 2007). The spiny chromis exhibits bi-parental care 

of eggs and larvae at nests within shallow reef habitat in the tropical Western Pacific (Allen, 1975; 

Thresher, 1985). One of the most vital roles of adults is to guard their nest by chasing away potential 

predators and competitors (Nakazono, 1993). Nest defence is energetically expensive (Colgan and 

Brown, 1988) and thus regular feeding is also important for parents. Spiny chromis parents provide 

mucus for their offspring, delivered via ‘glancing’ (also called ‘parent-touching’, or ‘contacting’ in 

other species), which can contain proteins, hormones, ions, micro-organisms, immunoglobulins and 

secretocytes undergoing mitosis (Kavanagh, 1998; Buckley et al., 2010; Buckley et al., 2011; 

Holbrook, 2011). These three key parental-care behaviours (guarding, feeding and glancing) are all 

easily observed in the spiny chromis in its natural habitat (Kavanagh, 1998; Leahy et al., 2011; Jordan 

et al., 2013). 

We exposed 38 pairs of spiny chromis parents with recently hatched juveniles to 12 days of 

playback of either motorboat passes recorded near reefs or natural ambient noise recorded at the 

same locations. We predicted that parental care would be impacted due to stress, distraction and/or 

higher incidence of decision-making errors (Chan et al., 2010; Anderson et al., 2011; Purser and 

Radford, 2011). Predation is thought to be the main driver of mortality during early life stages 

(Hixon, 1991), and we predicted that shifts in parental care behaviour away from an optimum 

activity budget would lead to higher predation of offspring. 

5.2 Methods 
This study was conducted with ethical approval from: Great Barrier Reef Marine Park Authority, 

Australian Institute of Marine Science, Lizard Island Research Station, James Cook University 

(A2081), the University of Exeter (2013/247) and the University of Bristol (UIN/13/036). 

5.2.1 Study site and species 
The study was conducted between October and December 2013 at Lizard Island Research Station 

(14°4’S 145°28’E), Great Barrier Reef, Australia. The spiny chromis is a planktivorous damselfish 

(Pomacentridae) that forms monogamous pairs who maintain nests in a small cave. Larvae and 

juveniles stay within close proximity to this nest site (<1 m) for around one month after hatching 

(Thresher, 1985). Parents keep the juveniles within a tight shoal and protect them by chasing fish 

predators away and herding juveniles into the nest cave when they are threatened (Nakazono, 

1993). Thirty-eight spiny chromis nests that had new clutches of juveniles hatch within the 10 days 

(standard length < 14 mm) were selected for study. The rapid development and changes in 

pigmentation allow newly hatched offspring to be readily identified and aged (Connell, 1998). All 

nests were in water between 1 and 4 m deep (with a tidal range of 2 m) and were located in the 
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lagoon between Lizard, Palfrey, and South Islands and Seabird Islet in the Lizard Island group; an 

area covering ~1 km2. Nests were separated by at least 40 m to ensure independence (home ranges 

of parents at nests is <10 m and parents spend most of their time within 2 m). This system is ideal 

for investigating the effects of anthropogenic noise because the biology of the species is well known, 

pairs are easily habituated to the presence of snorkelling observers, and nests represent discrete 

units where offspring growth and survival can be studied over a biologically relevant and logistically 

feasible time frame. 

5.2.2 Acoustic recordings 
Recordings of boat and ambient reef noise were made with a hydrophone (HiTech HTI-96-MIN with 

inbuilt preamplifier; sensitivity -165 dB re 1V/μPa; frequency range 2 Hz–30 kHz; calibrated by 

manufacturers; High Tech Inc., Gulfport MS) and an accelerometer (M20L; sensitivity following a 

curve over the frequency range 0–3 kHz; calibrated by manufacturers; Geospectrum Technologies, 

Dartmouth, Canada). Sound was recorded via a sound card (MAYA44, ESI Audiotechnik GmbH, 

Leonberg, Germany) onto a laptop (Techra R840-12F, Toshiba). The soundcard and laptop were 

calibrated using pure sine wave signals generated in SAS Lab (Avisoft, Germany), played on an mp3 

player and measured in line with an oscilloscope. On 30/10/2013, four separate 5-min recordings of 

ambient noise were made in front of the Lizard Island Research Station, 20 m from the nearest coral 

reef where the water was 5 m deep and the hydrophone and accelerometer were at a depth of 2 m. 

Four different typical outboard motorboats (with 5 m long aluminium hulls and 30 hp Suzuki 2-

stroke outboard motors) were also recorded in the same location for 10 min each; an approach from 

the shore (600 m away) over 2.5 min was followed by 5 min intense activity where the boat was 

driven in figure of eights 10–100 m from the hydrophone and accelerometer in the same location, 

followed by 2.5 min where the boat returned to the shore. 

5.2.3 Playbacks of ambient and boat noise 
Four replicate playbacks were constructed for each treatment (‘Ambient’ and ‘Boat’). Each replicate 

used a different recording of either ambient or boat noise that was played on a loop during daylight 

hours (06:00–18:00) as this is when small boats more often drive around reefs. Nineteen Ambient 

and 19 Boat playbacks were then randomly allocated to 38 different pairs of spiny chromis. 

Playbacks were from underwater loudspeakers (UW-30, frequency response 0.1–10 kHz, University 

Sound, Columbus, USA) connected to mp3 players (Sansa Clip+, SanDisk, Milpitas, CA, USA) via a 40 

w amplifier (Kemo, Langen Germany). Mp3 players, amplifiers and 12 V batteries were housed in 

waterproof boxes (Peli1200, Peli products, Barcelona, Spain) on the seabed. Loudspeakers were 

fixed by two metal poles at 1 m pointing towards a nest. We measured sound pressure and particle 

acceleration (using the recording equipment described above) of two examples of each treatment at 



81 
 

the location of the nest in the area of the water column that the young fish tended to use. 

Comparisons show that for both particle acceleration and sound pressure, boat noise was louder at 

all frequencies than ambient noise and boat-noise playback was louder at all frequencies produced 

by the speaker (>100 Hz) than ambient-noise playback (Figure 5.1).  

Playbacks of boat noise could not be heard above local ambient noise from other nest sites 

(verified with the hydrophone described above). Acoustic analyses were performed in MATLAB 

v2010a following the method described in Nedelec et al. (2014) and Section 3.2.4 . 

 

Figure 5.1 Power spectral density for a) mono-axial particle acceleration and b) sound pressure levels of 
original recordings of boats and ambient noise compared with their playbacks. Playbacks reveal a peak in 
sound level above 2000 Hz (an artefact of the loudspeakers used), but boat noise is louder than ambient 
noise and boat-noise playback is louder than ambient-noise playback. Particle acceleration levels of boat 
playbacks matched real boat levels better than sound pressure levels. Some harmonic noise was present at 
50 Hz intervals in some recordings, due to an artefact of recording with a laptop. 

5.2.4 Behaviour 
Each nest was visited by snorkelers every other day for 12 days between 08:00 and 16:00. The adult 

male was chosen for behavioural observation, as he provides a greater proportion of parental care in 

this species (McCormick, pers. obs.) and is easily identified by his large genital papilla. Fish were 

given 1-min settling time after the arrival of the observer (SLN) to resume normal activity, after 

which behaviour of the adult male was observed for 3 min at a distance of ~2 m from the nest. At 

Boat sites, observations were made during playback of intense boat activity. Behaviour of the 

parental male during observations was recorded as follows: number of defensive acts 

(chasing/making aggressive strikes towards other fish); percent time spent feeding (displaying 

characteristic short or extended movements in the water column searching for and consuming 

plankton, or algae from the substrate). The number of instances of ‘glancing’ (where offspring eat 

mucus from the focal parent) and number of aggressive strikes made towards the parent by other 

fish regardless of species, were also recorded.  
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5.2.5 Offspring size, shape and weight 
Three spiny chromis juveniles from each of the focal nests were removed by hand net at the 

beginning of the acoustic exposure; 20 more were removed at the end of day 12. Each fish was 

weighed (wet weight) and measured for standard length and myotome length (cross sectional 

perimeter at the anus, perpendicular to the line from tip of the mouth to middle of the tail used for 

standard length). Myotome length is a measure of muscular development, we measured shape as 

the ratio of myotome length to standard length. It was not possible to collect juveniles from one of 

the Ambient nests at day 0 due to the morphology of their coral shelter. 

5.2.6 Offspring survival 
Offspring were counted from three photos (taken using a Panasonic Lumix DMC-FT25 underwater 

digital camera, by a snorkeler, after behavioural observations) of each brood every two days 

throughout the experiment. The highest of the three counts was used for each day. Survival was 

calculated as the percentage of fish observed on Day 1 that remained after 12 days. It was not 

always possible to count fish from all photos, where the first and last counts could not be used a 

count from the second or second to last was used (three times from 38 cases). The counter was blind 

to experimental treatment.  

5.2.7 Fish community 
All fish (except for Gobiidae and Blenniidae families, in which counts and species-level identification 

by underwater visual census are difficult, and thus were excluded to avoid potential unreliable data; 

as in Lecchini and Galzin, 2005) within a 5 m radius were counted (by LP) directly after behavioural 

observations at each site every other day.  

5.2.8 Statistical analysis 
As behaviour did not appear to change with time over the course of the experiment, the mean 

average of behavioural measures from all observations of each nest was used for analysis. As 

assumptions of normality and homogeneity of variances were not met, behaviour in fish from 

Ambient nests was compared with that from Boat nests using Wilcoxon rank sums tests (non-paired 

analysis). At two Boat nests, offspring survival was 0 before the first parental behaviour observations 

could take place on day 2; these nests were not included in the analysis of parental behaviour. The 

changes in size, shape and weight from day 0 to day 12 were compared between Ambient and Boat 

nests using Wilcoxon rank sums tests. The number of nests where survival was 0 was compared 

between playback treatments using a Chi-squared test. The initial size, shape and weight of juveniles 

where 100 % mortality occurred was compared with other nests using Wilcoxon rank sums tests. 

Survival at other nests was compared between treatments using a Wilcoxon rank sums test. To 

examine differences in fish communities surrounding nests, a permutation-based, non-parametric 
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multivariate analysis of similarity (ANOSIM) using the software PRIMER (Plymouth Routines in 

Multivariate Ecological Research v. 6.1.13; PRIMER-E Ltd, Plymouth Marine Laboratory, Plymouth, 

UK) (Clarke and Gorley, 2006) was conducted. A frequency matrix (species by nest) was created, the 

data were log-transformed to reduce the influence of very abundant species, and Bray-Curtis 

similarity coefficients between pairs of nests were computed (Clarke and Warwick, 2001). The 

ANOSIM procedure was carried out on the similarity matrix. ANOSIM generates an R statistic, which 

varies between 0 (similarities within and between treatments are the same) and 1 (all samples 

within treatments are more similar to each other than to any sample across treatments) and is 

tested for difference from zero with a permutation test (in this study, N = 999 permutations). A one-

way ANOSIM was used to compare fish communities among the two noise treatment types. 

5.3 Results 

5.3.1 Behaviour 
Parents made on average twice as many aggressive strikes at other fish during boat-noise than 

ambient-noise playback (N Boat = 17, N Ambient = 19, W = 92, p = 0.048; Figure 5.2a). Parents spent 

25% less time feeding during boat-noise than ambient-noise playback (N Boat = 17, N Ambient = 19, 

W = 215, p = 0.037; Figure 5.2b). Offspring glancing occurred three times less often during boat-

noise than ambient-noise playback (N Boat = 17, N Ambient = 19, W = 222, p = 0.019; Figure 5.2c). 

There was no significant difference in the number of attacks from other fish in boat-noise compared 

with ambient-noise playback (N Boat = 18, N Ambient = 19, W = 162.5, p = 0.729).  
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Figure 5.2 Behavioural responses to playback of boat noise compared with ambient noise: a) parents made 
more defensive acts per min; b) parents spent less time self-feeding; c) glancing behaviour was rarer. Boxes 
represent interquartile ranges and lines within boxes represent the median across 19 Ambient and 17 Boat 
nests. N determined by number of nests, data within nests averaged over duration of exposure. 

 

5.3.2 Offspring size, shape and weight 
There was no significant effect of playback treatment on the change in juvenile fish size (W = 41, p = 

0.262), shape (W = 67, p = 601) or weight (W = 52, p = 0.516) across 18 Ambient and 13 Boat nests. N 

determined by number of nests where data could be collected at day 12 (i.e. not if survival was 0), 

data within nests averaged over duration of exposure. 

5.3.3 Offspring survival 
Complete mortality of broods (survival = 0) was significantly more likely in the Boat treatment (six of 

19 nest) compared to the Ambient treatment (zero of 19 nests; chi-squared test: Χ2
1 = 7.13, p = 

0.008). The offspring at nests that suffered 100% mortality (N = 6) were not significantly different in 

initial size (W = 74, p-value = 0.511), shape (W = 79, p-value = 0.664), or weight (W = 71, p-value = 

0.432) compared with other nests (N = 31). There was no significant difference in survival when 

survival was non-zero (N Ambient = 19, N Boat = 13, W = 132.5, p = 0.465). 

5.3.4 Fish communities 
There was no significant effect of playback treatment on community composition surrounding A. 

polyacanthus nest sites (ANOSIM: R = -0.022, p = 0.632; all pairwise comparisons, p > 0.90). 
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5.4 Discussion 
Defensive and feeding behaviour of parents, parent-offspring interactions and survival of spiny 

chromis were all affected by playback of boat noise. Parents made more defensive acts and spent 

less time feeding, juveniles made fewer glances on parents, and overall rearing success of parents 

was reduced by one third at sites subject to boat-noise playback compared to those exposed to 

playback of reef noise. Earlier studies have shown negative effects of noise on parental-care 

behaviour, for example reducing time spent tending nests in damselfish (Chromis chromis) (Picciulin 

et al., 2010), increasing latency to visit a nest box in great tits (Parus major) (Naguib et al., 2013), and 

increasing missed detections of parents leading to reduced begging in tree swallows (Tachycineta 

bicolor) (Leonard and Horn, 2012). However, our study is the first to show experimental evidence of 

an impact of anthropogenic noise on survival in the field. 

 Boat-noise playback may have stressed spiny chomis, leading to higher levels of aggression 

and chasing, as has been seen in Neolamrpologus pulcher (Bruintjes and Radford, 2013). 

Alternatively, stress may have lead to distraction, or distraction could have occurred without stress 

(Purser and Radford, 2011). Distraction could have lead parents in our study to inappropriately chase 

and attack other fish when exposed to boat-noise playback, for example chasing fish that were not a 

predatory threat or chasing threatening fish less efficiently. Furthermore, many animals, including 

damselfishes such as spiny chromis, vocalise during territorial challenges to reduce the chance of 

aggressive escalation (Ladich, 1997; reviewed in Pereira et al., 2014), thus boat noise may have 

reduced the efficiency of aggressive vocal displays due to masking and led to greater need for 

defensive acts (Clark et al., 2009). Allocation of time and energy to the energetically expensive 

activities involved in defence of broods is likely to impact the time available for resource acquisition 

as well as depleting energy reserves. More chasing would also mean parents spent more time 

focusing attention on other fish and less time in close proximity to the nest, which may have left 

offspring vulnerable to predatory attack. 

Time spent feeding by parents exposed to boat-noise playback was reduced by 25% in 

comparison to parents subject to playback of reef noise. One reason for the reduced time spent 

foraging could be that parents were spending more time on defence; another is that noise directly 

impacted foraging, as has been seen in other species (Wale et al., 2013a; Voellmy et al., 2014b). 

Competition for resources and predation pressures in coral reef systems are very high and energy is 

needed by guarding parents for effective nest defence, adequate decision-making and offspring 

provisioning. A reduction in the acquisition of resources combined with higher energy outputs 

involved in nest defence would be likely to reduce body condition of parents, which has previously 

been associated with increased mortality in offspring of spiny chromis (Donelson et al., 2008). 
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 We also found a reduction in glancing behaviour of fish exposed to playback of boat noise 

compared to those exposed to reef-noise playback. Parental provisioning is assumed to be reduced 

by anthropogenic noise in great tits, as latency to visit the nest and the number of nest visits were 

reduced (Naguib et al., 2013). Birds provision their offspring directly, whereas spiny chromis provide 

their offspring indirectly by allowing them to eat their mucus, however, this indirect provisioning still 

requires parents to be present and to undergo a cost for their offspring (mucus is energetically 

expensive to produce – Grutter and Bshary, 2003). Although the number of glances by juvenile spiny 

chromis may not directly determine nutritional state (Kavanagh, 1998), the behaviour is likely to 

have an adaptive function involving transfer of hormones such as growth hormone (tiGH) (Schütz 

and Barlow, 1997) and building immune function (Buckley et al., 2010; Buckley et al., 2011). The 

longer-term effects of a reduction in glancing behaviour for progeny are unknown, but might include 

reduced growth or immunocompetency.  

 There were a number of potential factors that could have acted individually or in 

combination to produce the complete mortality we observed at 32% of the broods exposed to 

playback of boat noise. Parents could have abandoned or cannibalised their offspring; alternatively 

or in addition, predation intensity could have increased and/or the effectiveness of parental defence 

been reduced in the presence of boat noise. Spiny chromis parents have been observed occasionally 

to drive their offspring away from the nest or abandon them (Thresher, 1985; Nakazono, 1993), after 

which offspring may join other older schools of offspring or die. We did not witness parents leaving 

nests, but we did observe occasional aggression towards offspring from parents (SLN pers. obs. on 

four occasions, observed in both treatments). However, this aggression did not correspond to the 

nests where mass mortality occurred. We also never observed offspring near the nest but not under 

parental care, thus if broods were abandoned they were preyed upon before further observations 

were made (parents remained at the nest site after offspring disappeared in all cases). Filial 

cannibalism was only observed in the field when parents were severely stressed (e.g. rarely during 

collection of offspring at the end of the experiment but never during behavioural observations, SLN 

pers. obs.). Our observations, supported by evidence of stomach content analysis by Nakazono 

(1993) (who found one instance of cannibalism of another fish’s offspring but never of own), suggest 

that even during times of extreme stress, such as when we collected offspring from broods, 

cannibalism is neither rapid nor exhaustive, thus cannibalism seems an unlikely explanation for the 

complete loss of broods. As attacks by other fish did not increase we have no evidence that intensity 

of predation was greater under conditions where boat noise was broadcast. However, we did find 

that boat noise reduced parental care of the brood. So it may be possible that the incidence of 

predation did not increase but the lack of parental care might mean that predation was more often 
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successful. This could have happened because parents spending more time chasing inappropriately 

may have spent more time further from their offspring, leaving them more open to predation.  

Our field study found direct consequences of exposure to chronic noise on the survival of 

juveniles in the wild. We note the important caveat that our experiment used underwater 

loudspeakers, which do not broadcast the full range of sounds produced by motorboats, but it is also 

possible that our results are therefore conservative with respect to the full impact of boat noise. 

Motorboats are found throughout the world wherever humans inhabit coastal areas, and our results 

suggest that boat noise should be considered in the management of fisheries and protected areas. 

Other sources of anthropogenic noise, including ships, seismic surveys and pile-driving during 

construction, may also interfere with reproduction, with impacts on fish populations. Findings from 

studies that directly assess fitness consequences, such as ours, are vital to parameterise population-

level models that can be used to develop international policy and regulate this issue of global 

concern.
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6.1 Introduction 
Some anthropogenic (man-made) activities create noise. National and international legislation (e.g. 

US National Environment Policy Act and European Commission Marine Strategy Framework 

Directive) now recognises that some anthropogenic noise can be considered pollution. Yet such 

policies are in the early stages of being able to regulate noise and better information could improve 

their effectiveness. Noise from activities such as urban development, transportation and resource 

extraction has been shown to affect the behaviour and physiology of animals from a range of 

taxonomic groups (see Kight and Swaddle, 2011; Francis and Barber, 2013; Morley et al., 2014). 

However, if we are to assess the ultimate consequences (impacts on individual fitness and 

population viability), studies must include three key elements. First, measurements of survival or 

reproductive success are needed; if these are not feasible, biologically meaningful response 

parameters that translate directly to fitness consequences should be considered (Francis and Barber, 

2013; Morley et al., 2014). Second, experimental manipulations with suitable controls and replicates 

are required if the influence of noise is to be isolated; correlative and pseudo-replicated studies do 

not allow confounding factors to be ruled out or strong conclusions to be drawn (Slabbekoorn, 2013; 

Morley et al., 2014). Third, experiments need to consider repeated or chronic noise exposure 

because changes across time and cumulative effects may affect animal responses (Bejder et al., 

2009).  

Here, we use a field-based experiment to investigate how repeated exposure to 

anthropogenic noise might impact early-life development and survival. Embryos are adapted to 

tolerate normal environmental fluctuations and challenges (Gilbert, 2001; Hamdoun and Epel, 2007), 

but accelerating anthropogenic change can push conditions beyond the bounds of normal variability 

and/or create conditions that did not previously exist. Extremes of temperature and pH, heavy 

metals, and estrogen-mimicking chemicals, for instance, have been shown to impair development in 

a wide range of taxa (e.g. Markey et al., 2001; Baradaran-Heravi et al., 2012). Noise stress affects 

various aspects of development in rats (reviewed in Kight and Swaddle, 2011), suggesting 

anthropogenic noise is likely to have detrimental influences on development. However, strong 

experimental evidence is currently lacking (for some preliminary work, see Aguilar de Soto et al., 

2013). 

Specifically, we investigated how repeated exposure to playback of boat-traffic noise (a 

widespread source of anthropogenic noise) affects early-life survival and development in a marine 

mollusc, the sea hare Stylocheilus striatus (Figure 6.1) at Moorea Island. Very little is known about 

the effect of any source of noise on aquatic invertebrates (for exceptions, see Chan et al., 2010; 

Aguilar de Soto et al., 2013; Wale et al., 2013a,b). However, aquatic invertebrates are very diverse 

and important to the functioning of ecosystems, as well as often having the ability to hear and using 
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sound for a variety of purposes (see Wale et al., 2013a,b). Sea hares in particular play an important 

role in benthic reef ecology throughout their circumtropical distribution as a specialist grazer on the 

toxic cyanobacterium, Lyngbya majuscule (Paul and Pennings, 1991). We examined whether 

developmental success (eggs completing organogenesis within five days of incubation), hatching 

(embryos hatching after five days of incubation), and survival after hatching were affected by 

repeated boat-noise exposure during early development in S. striatus. We predicted that 

development of embryos would be compromised by increased noise and that those that survived 

would take longer to hatch and have higher mortality after hatching. 

 
Figure 6.1 Stylocheilus striatus, photograph courtesy of Fabien Michenet. 

 

6.2 Methods 

6.2.1 Study species, husbandry and egg manipulation  
We collected 50 sea hares from the lagoon of Moorea, French Polynesia. Sea hares were kept in 

aquaria at the CRIOBE research station, with oxygenated running seawater and at ambient 

temperature and light regimes. They grazed on cyanobacteria colonizing the aquaria and turf algae 

collected from the lagoon. We paired similarly sized individuals in 15 x 5 x 5 cm plastic breeding 

containers that allowed water flow but prevented sea hares mixing with the main population. We 

monitored pairs hourly overnight and separated them after they were observed copulating; 

maternity was thus known. We collected eggs the following morning; sea hare mothers lay a string 
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of eggs in gelatinous material (a ribbon) with each egg containing 1–6 embryos. Preliminary 

observations revealed that most eggs hatched within five days and this determined the length of 

noise exposure eggs received in the field. 

We took egg ribbons from 13 mothers over the course of the experiment (from January to 

March 2013) and cut each into 8–16 equally sized pieces with a scalpel. Ribbon pieces were 

transferred to individually labelled 1.5 ml Eppendorf tubes filled with fresh sea water that had been 

collected from outside the lagoon and sterilised. Eppendorfs from the same mother were split 

randomly between ‘Boat’ and ‘Ambient’ playback treatments (see below) in a balanced design to 

control for potential genetic or epigenetic effects on egg development. Eppendorfs are sealed, air- 

and water-tight containers, thus controlling for any differences in water chemistry. Also, no 

developmental differences were found between egg ribbons in closed Eppendorfs versus those in 

open Petri dishes in the laboratory (S. C. Mills pers. obs.). 

6.2.2 Sound recordings and playback design 
Note that this study was conducted at the same time at the same sites as the study in Chapter 4, 

thus some methods are shared. We made boat recordings during the day (on 4/11/2010 and 

5/11/2010) at 2 m depth in a deep bay in the lagoon on the east coast of Moorea using a 

hydrophone (HiTech HTI-96-MIN with inbuilt preamplifier; sensitivity 2165 dB re 1 V/mPa; frequency 

range 2 Hz–30 kHz; High Tech Inc., Gulfport MS) and a solid-state recorder (Edirol R-09HR 16-bit 

recorder; sampling rate 44.1 kHz; Roland Systems Group, Bellingham WA). The recorder was fully 

calibrated using pure sine wave signals generated in SAS Lab (Avisoft, Germany), played on an mp3 

player, measured in line with an oscilloscope. We made 36 recordings of passes made by two typical 

outboard motor boats with 25 horse power Yamaha engines; one boat was used per recording. 

Boats started 50 m from the hydrophone and drove past in a straight line for 100 m; passing the 

hydrophone at a closest distance of 10 m. We also made 12 ambient-noise recordings (without 

boats) on location each day. 

We clipped boat recordings to 45 s samples that each contained one pass; ambient noise 

recordings were clipped into 64 s samples. We then constructed two 12-h replicate playback tracks 

for each sound treatment using different mixtures of boat and ambient-noise samples selected at 

random. Boat-noise playback tracks (‘Boat’ treatment) included one boat and four ambient-noise 

samples each 5 min, to give a regular rate of boat passes; ambient-noise tracks (‘Ambient’ 

treatment) included no boat-noise samples. A chosen 12-h track was played to sea hare egg ribbon 

pieces every day for five days between the hours of 06:00 and 18:00 (during daylight hours when 

boats normally moved around the island). All eggs therefore received ambient sound from the 

environment (e.g. from the nearby reef), in addition to that included in the playback of recordings 
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taken from another location. Only eggs in the Boat treatment received the added effect of boat 

noise for 45 s every 5 min, totalling 144 boat passes per day. 

Playbacks were from underwater loudspeakers (UW-30, frequency response 0.1–10 kHz, 

University Sound, Columbus, USA) connected to mp3 players (Sansa Clip1, SanDisk, Milpitas, CA, 

USA). Loudspeakers were fixed facing upwards to the sandy bottom of experimental sites. We 

measured both sound pressure and particle acceleration (using the hydrophone described above 

and an M20L accelerometer, sensitivity 0–3 kHz, manufactured and calibrated by GeoSpectrum 

Technologies, Dartmouth, Canada; recorded on a laptop via a USB soundcard, MAYA44, ESI 

Audiotechnik GmbH, Leonberg, Germany) to compare playbacks of boat passes with real boat 

passes. Playbacks were recorded at 1 m from the speaker, at the location of the experiment with 

experimental apparatus in place; the recording sensors were the same distance from the speaker 

and the sandy bottom as the embryos and were within 30 cm of the embryos. Real boat passes for 

the comparison were recorded with the same hydrophone and accelerometer using the same boats 

making passes at 10 m at a nearby lagoon location (Figure 6.2). Acoustic analyses were performed in 

MATLAB v2010a: Fast-Fourier Transforms transformed time domain recordings into the frequency 

domain before power spectral density was calculated to allow comparison of sound levels for each 

treatment across the frequency range 100–3000 Hz.  

 
Figure 6.2 Power spectral densities (PSD) of (a) sound pressure and (b) monoaxial particle acceleration of 
original recordings of boats and boat playbacks at experimental site along with ambient noise and ambient 
noise playbacks. Window length = 1024. Playbacks were affected by near field effects and speaker 
performance meaning some frequencies were louder and other s quieter, but boats were louder than 
ambient noise and boat playbacks were louder than ambient noise playbacks. Some recordings contained 
harmonic noise at 50 Hz intervals, this was an artefact of recording via a laptop. 

6.2.3 Experimental sites and design 
We used two sites, one for each sound treatment (Boat and Ambient) in each of four replicate trials. 

Treatment allocation to sites was alternated between temporal replicates to control for unknown 

site differences; sites were similar in depth (1.3–1.8 m), water turbidity, prevailing currents, 

proximity to reef (~10 m) and nearest boat channel (~60 m). We allocated replicate 12-h playbacks 
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to sites and temporal replicates in a Latin-square design. Sites were 100 m apart and playbacks at 

one site could not be heard above local ambient noise levels from the other (verified with sound 

pressure and particle acceleration recordings – the recordings shown in Figure 6.2 of playbacks at 

each site were taken while playbacks were ongoing at the alternate site. Sound travel between the 

two sites may have been limited due to the sandy bottom with occasional coral bommies and coral 

rubble and the fact that between the two sites there is a large area where the depth reduces to 40 

cm, cutting off low frequencies.)  

We taped Eppendorfs in random groups of three or four around an iron bar (5 mm diameter, 

1 m long) using electrical tape. The bar was fixed horizontally at 50 cm height from the sandy bottom 

in the lagoon, 1 m from an underwater loudspeaker; sound recordings were taken next to the 

structures that supported the iron bars, with iron bars in place. We placed eggs into experimental 

noise treatments within 4–8 h of laying (i.e. around the time of their first division or cleavage). We 

never approached the sites by a motor boat apart from at the beginning and end of the experiment. 

Boating activity in the nearest boat channel was present in the vicinity of both sites, but this was 

adequately controlled for by running multiple temporal replicates of the experiment and balancing 

allocation of treatments between the sites.  

After five days of noise exposure, Eppendorfs were returned to the laboratory where we 

examined the contents under 20 x magnification using a light microscope (Leitz diavert). The 

following categories were counted: (a) eggs that were dead or had failed to undergo organogenesis 

(i.e. failed to develop); (b) unhatched eggs with mature developed embryos; (c) empty eggs 

(indicating successful hatching); and (d) dead veligers (post-hatching larvae). Counters were blind to 

the sound treatment, and the order in which Eppendorfs from the same mother were counted was 

balanced between treatments by an additional observer. We used counts to calculate three 

response measures for analysis. First, the percentage of eggs that failed to develop (category 

a/categories a + b + c). Second, the percentage of successfully developing eggs that had slowed 

development (category b/categories b + c). Third, the number of veligers that died as a percentage 

of eggs that hatched (category d/category c); as there was more than one veliger per egg, the 

percentage in the third response measure may exceed 100. 

6.2.4 Statistical analyses 
Analyses were conducted at the level of the mother. The proportions of eggs that failed to develop 

and that had slowed development were normally distributed and heteroskedastic after arcsine 

square root transformations. Thus, we used paired t tests to examine differences between means (n 

= 13 mothers); percentages that are arcsine square root transformed may exceed 100 (see Fig. 6.3). 

The proportion of hatched individuals that died did not meet the assumptions of parametric testing 
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and thus we used a Wilcoxon signed ranks test to examine differences between medians. No 

hatching was observed in ribbons from two mothers in the Boat treatment, thus they were excluded 

from the analysis of hatched individuals that died (n = 11). 

6.3 Results 
Of the 29,416 eggs counted, 7,497 failed to develop. The proportion failing to develop was 

significantly affected by sound treatment (paired t test: t12 = -2.99, p = 0.011; Figure 6.3a), with 21.3 

± 10.8% (mean ± se) fewer eggs per mother developing when exposed to boat-noise playback 

compared to playback of ambient noise.  

Of the 21,919 eggs that developed successfully, 13,257 had not hatched after 5 days. The 

proportion of developing eggs that remained un-hatched was not significantly affected by sound 

treatment (paired t test: t12 = -0.63, p = 0.538; Figure 6.3b). 

From 8,662 eggs that successfully hatched, 3,514 veligers died before they were counted. 

The proportion of dead veligers was significantly affected by sound treatment (Wilcoxon signed 

ranks test: V = 10, N = 11, p = 0.045; Figure 6.3c), with 21.6 ± 24.4% (median ± median absolute 

deviation) more veligers dying after exposure to boat-noise playback than ambient-noise playback. 

 

 

Figure 6.3 Arcsin square root transformed proportions of egg capsules that (a) failed to develop and (b) were 
unhatched in each treatment. The thick black line represents the overall effect (mean for each treatment), 
whereas the grey lines connect values for the two treatments for each mother. N = 13 mothers. (c) Number 
of veligers that died as a proportion of egg capsules that hatched per treatment. The thick black line 
represents the overall effect (median for each treatment), whereas the grey lines connect values for the two 
treatments for each mother. N = 11 mothers. 

  



96 
 

6.4 Discussion 
Boat-noise playback significantly increased the likelihood of sea hares suffering developmental 

failure at the embryonic stage (see also Banner and Hyatt, 1973) and mortality at the free-swimming 

veliger stage, but had no discernible impact on the rate of embryo development (cf. Aguilar de Soto 

et al., 2013). Our controlled and replicated experimental manipulation in a field setting therefore 

indicates that anthropogenic noise has the potential to impact gastropod molluscs; although marine 

invertebrates have significant ecological and economic value (Wale et al., 2013), the majority of 

studies have only considered how vertebrates are affected by noise (Morley et al., 2014). Our results 

also suggest, more generally, the potential for anthropogenic noise to have detrimental fitness 

consequences early in life.  

Care must be taken when interpreting our findings because we used underwater 

loudspeakers rather than real boats and enclosed sea hare embryos in Eppendorfs supported by iron 

bars, whereas eggs of this species are naturally found attached to a substrate such as rock or algae. 

While we ensured that the sound pressure and particle acceleration exposure in the water column 

matched that of a real boat as closely as possible, it is possible that vibrations of different substrates 

may affect sound transmission differently, and this will be a very interesting avenue for future 

research. If anthropogenic noise does indeed impact early-life survival, then there are implications 

for population dynamics and resilience, and for community structures due to shifts in selective 

pressures (Gilbert, 2001; Hamdoun and Epel, 2007). Herbivores, such as sea hares, associated with 

coral reefs play a key role in the equilibrium between corals and algae, while populations of S. 

striatus are particularly important as they are a specialist grazer on blooms of the toxic 

cyanobacterium, L. majuscula (Paul and Pennings, 1991). 

The more prevalent developmental failure of sea hare embryos exposed to boat-noise 

playback might be the result of stronger molecular vibrations, caused by mechanical energy in the 

sound waves produced by the loudspeakers, compared with the ambient noise treatment. Low 

frequency sound in combination with whole body vibrations induces sister chromatid exchanges and 

delays cell cycle progression in mice and humans (Silva et al., 2002). Although specific frequencies 

that cause damage in water may be different to those in air due to the physical properties of sound, 

sine sound waves (900, 1000 and 1100 Hz) caused mechanical damage to unhatched red flour beetle 

(Tribolium castaneum) larvae (Jinham et al., 2012). Altered gene expression due to environmental 

(heat) stress during development affects the penetrance (the extent to which a particular gene or 

set of genes is expressed in the phenotypes of individuals carrying it) of genetic mutations, leading 

to disease in humans, Drosophila and mice (Baradaran-Heravi et al., 2012). Thus, the effect on sea 

hare development might be manifested through disrupted tissue formation, tissue damage or 

altered gene expression. 
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One potential mechanism for the death of veligers after hatching is barotrauma (tissue 

damage due to pressure changes in gas filled chambers, such as when fish are brought to the surface 

too quickly and their swim bladders rupture; see Gross et al., 2013). Sea hare embryos may have gas 

bubbles in their circulatory system that could cause barotrauma if they were to fluctuate in size in 

response to pressure changes. A second potential mechanism relates to stress if sea hare veligers 

are capable of detecting the noise via their statocysts. Statocysts are organs used for hearing in 

other molluscs (Mooney et al., 2010), are commonly found in various opisthobranchs (e.g. 

Coggeshall, 1969) and were seen in S. striatus embryos in this study (pers. obs.). Noise is known to 

cause stress in a wide variety of taxa, and corticosterone levels are negatively associated with 

immune responses, survival and recruitment (Kight and Swaddle, 2011) as well as affecting 

development via calcium transport disruption (Siegel and Mooney, 1987). 

Outboard motor boats are found all over the world wherever humans inhabit coastal areas 

and our results suggest that noise from them should be considered in the management of fisheries 

and protected areas. Other sources of anthropogenic noise, such as ships, seismic surveys and pile 

driving, may also overlap with developmental stages of vulnerable species raising concern for many 

populations. Findings from studies directly assessing fitness consequences, as ours has done, are 

vital to parameterise population-level models that can be used to develop international policy and 

thus regulate this issue of global concern. 
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Chapter 7: Final conclusions and future 
directions 
7.1 Introduction 
In this thesis, I reviewed the literature on underwater anthropogenic noise, fish and marine 

invertebrate hearing, and potential impacts of noise on the developmental stages of fishes and 

marine invertebrates. My review revealed that there is a pressing need to assess the fitness 

consequences of noise pollution in order to eventually be able to regulate it effectively. Often, 

longer-term studies are needed rather than extrapolation from short-term responses in order to 

assess fitness consequences. I also revealed that, although understudied, the developmental stages 

of fishes and invertebrates could be under threat from rising noise levels. Traffic is the most pressing 

source of underwater noise as it is the main cause for an estimated increase of 15 dB in ambient 

noise levels at frequencies below 200 Hz in the ocean in the past century (Andrew et al., 2002). The 

nature of traffic noise means that animals are likely to suffer ongoing repeated exposures over time. 

However, knowledge about how repeated exposure to anthropogenic noise could impact animal 

responses is severely lacking. Therefore, the topic of my thesis was impacts of repeated traffic noise 

exposure on the behaviour, development and fitness of fishes and marine invertebrates. 

7.2 Chapter 2 
In Chapter 2, I discussed the importance of measuring particle motion in studies with fishes and 

marine invertebrates that involve sound. Measurements of particle motion have often been omitted 

from such studies because of the limited availability of equipment and limited understanding of how 

to handle particle motion data. I hope that this chapter will provide useful information and practical 

tools for biologists who wish to make particle motion measurements, a crucial step needed in a 

fuller understanding of the impacts of anthropogenic noise in aquatic environments. I used the 

techniques detailed in Chapter 2 to characterise underwater soundscapes for experiments involving 

playbacks of traffic noise for fishes and invertebrates (Chapters 3–6). The program presented is also 

capable of producing outputs appropriate to measurements of impulses, which will be useful for 

anyone working on such sources of anthropogenic noise as pile driving or seismic airgun blasting.  

 I plan to use the analysis program presented in Chapter 2 to investigate the comparative 

particle motion and sound pressure characteristics of coral reefs with varying degrees of lionfish 

(Pterois volitans) invasion (recordings are already collected and analysis will commence after 

handing in my thesis). The hypothesis to be tested is that lionfish predators will remove sound-

producing fishes and invertebrates from coral reef patches, thereby rendering them quieter than 
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less impacted reefs; as larval fishes and invertebrates are attracted to reef sounds (Simpson et al., 

2005b; Vermeij et al., 2010), quieter reefs may suffer reduced recruitment. I plan to present a ‘sound 

map’ showing the comparative area over which the sound pressure and particle motion components 

of reef sound propagate from the reefs with varying degrees of lionfish invasion. This study will 

illustrate the importance of a proper characterisation of relevant sound fields for conservation 

efforts. 

A different direction that could be taken from the techniques I have described for measuring 

particle motion is to quantify the directionality in addition to the magnitude of sound. This could 

prove particularly useful for studies using passive acoustic monitoring of natural or human-impacted 

soundscapes. Another of the future novel directions that could be taken from this research involves 

mixing hydroacoustic modelling techniques (e.g. Bruintjes et al., 2014) with measurement of particle 

motion. At higher frequencies, the particle motion component of sound is harder to measure due to 

equipment resonance, but there is also less need to measure particle motion at higher frequencies 

as the cut-off frequency and near-field effects are less likely to apply (i.e. particle motion can more 

likely be calculated using standard modelling techniques from measurements of pressure). When 

considering impulses, it is important to include energy at all frequencies, because energy at 

frequencies higher than those that can be heard by fishes and invertebrates can still cause injuries 

such as barotrauma (Hawkins et al., 2015). Thus, a limitation of the method we have presented for 

analysing impulses in particle motion and pressure is that the accelerometer used was only sensitive 

up to 3000 Hz, yet energy at higher frequencies could contribute to impulsive signals, meaning there 

is the possibility that users will underreport the particle motion energy present in impulses.  

7.3 Chapter 3 
In Chapter 3, I presented the results of a study investigating how exposure to 16 days of regular and 

irregular traffic noise impacted behaviour, growth and development in Atlantic cod (Gadus morhua) 

larvae. I found that in the short-term, playback of ship noise led to startle responses at 0 days post-

hatch and a suggestion of heightened alertness at 16 days post-hatch. Neither of these responses 

were directly affected by previous exposure to ship-noise playback. Two days of additional noise of 

both predictable and unpredictable regimes reduced growth compared to playback of ambient 

noise, while predictable noise led to faster yolk sac use. After 16 days, growth in all three sound 

treatments converged, although fish exposed to predictable noise had a lower body width–length 

ratio. Larvae that had a lower body width–length ratio were easier to catch in a predator-avoidance 

experiment. Although noise regime during rearing did not directly affect the behaviours measured, 

predictable anthropogenic noise could impact larval cod survival via an indirect effect on body 

development.  
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This work was limited to the less-than-ideal acoustic conditions in aquaria because wild 

larval cod are challenging to find and follow. This limits the extrapolations we can realistically make 

to open-water situations where fish are exposed to real ships. If, however, we were to indulge in 

speculation, it is conceivable that both predictable and unpredictable anthropogenic noise may act 

as a stressor for larval fish, with potential impacts on fitness. In addition, predictable anthropogenic 

noise exposure may impact yolk sac use and body-shape development of Atlantic cod larvae, with 

potential implications for predator avoidance and survival. Areas where marine traffic is highly 

regular may thus pose higher risk to cod larvae, for example around certain ports and ferry routes. 

Further research should investigate recruitment of fish which may also be threatened by overfishing 

and other anthropogenic impacts in these areas. Our work may also present an opportunity for 

successful mitigation: irregular or overlapping traffic may reduce negative impacts on this species, 

although further work is needed to establish whether this is the case. Taken together, our findings 

reveal that noise can have effects on fish that extend beyond immediate impacts and are dependent 

on exposure regime. These results therefore have important wider implications for research on the 

impacts of anthropogenic disturbances on animals. 

7.4 Chapter 4 
 For Chapter 4, I worked in the natural environment investigating the impacts of short and long-term 

traffic noise on juvenile threespot dascyllus (Dascyllus trimaculatus), a damselfish species. 

Specifically, I considered noise-induced changes in physiology (ventilation rate), behaviour (hiding), 

stress (blood cortisol), growth and condition. The fish in this experiment were caged to exclude 

natural predators, thus we could establish whether starvation was a likely cause of death. We found 

a behavioural and a physiological response to boat-noise playback in the short term: after two days 

of exposure, Dascyllus trimaculatus were more likely to hide in the anemones they associated with 

during the 45 s of a boat pass playback than in the 50 s before, and naïve fish also showed an 

increased ventilation rate in response to noise in the short term (1 min exposure). However, we also 

found evidence that in the longer term, boat-noise playback did not cause chronic stress responses: 

size, weight, condition and baseline cortisol levels were not significantly different from ambient-

noise exposed controls after up to 21 days. We also found evidence for behavioural attenuation: 

after 1 week of boat-noise exposure, hiding responses were no longer observed during boat passes 

in repeat measures of the same fish. In addition, after 1 week of boat-noise exposure, ventilation 

rate increased less in response to boat-noise playback. Ours is the first evidence from a field-based 

experiment to make repeat measures from the same individuals exposed to chronic noise.  

We did not find full attenuation of the ventilation-rate increase; potential explanations for 

this are partial habituation or partial dishabituation. If fish only partially habituated to boat-noise 
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playback, then our results should be taken with caution as there is the possibility that growth, 

condition, survival and reproduction could be impacted beyond the duration of our study. If the 

different presentation of the sound (1 min of the loudest part of a boat pass on a loop rather than an 

approach and pass of a boat) was novel compared to the exposure they had habituated to (i.e. 

dishabituation), then it is possible that habituation may be context specific and again our results 

should be taken with caution because in the wild contexts are likely to change over the lifetime of a 

fish with respect to habitat use by humans and fish.  

Although non-significant, there was a trend towards a decrease in baseline plasma cortisol 

levels in D. trimaculatus after 3 weeks of exposure. Although rarer than increases in baseline plasma 

cortisol, a decrease can also be a sign of chronic stress (Dickens and Romero, 2013). Taken together 

with incomplete attenuation of the ventilation-rate response, an alternative explanation to that 

offered in my thesis chapter, is that D. trimaculatus were mildly chronically stressed by boat-noise 

playback. Again, there is therefore the possibility that growth, condition, survival and reproduction 

could be impacted beyond the duration of our study. 

7.5 Chapter 5  
For Chapter 5, I again worked in the natural environment, but this time with uncaged juvenile fish, so 

that we could determine whether predation rates were likely to be higher when fish were exposed 

to traffic noise. I chose a species where the parents provide care to offspring at a nest, making them 

good experimental units for investigating the impacts of traffic noise on offspring survival over 12 

days. This chapter contained my most exciting result: a highly significant difference in offspring 

survival between boat and ambient noise exposed nests. 

 It is interesting that survival was not different in nests where 100% mortality did not occur. 

This could have been because parental condition was reduced below a threshold level required for 

effective brood protection at nests where 100% mortality did occur. It would thus be interesting to 

study the impacts of noise on parental condition, and the link between parental condition and 

offspring survival further. This could be done by photographing the parents next to a scale so that 

body length and height could be measured. Alternatively, mass mortality may have occurred at 

some nests but not others due to the presence of a particular species or type of predator; however 

this seems unlikely as the fish that were observed to eat the offspring were damselfish, which were 

abundant around all nests. It is possible that parental care was of lower quality at nests where 100% 

mortality occurred; however, we could not formally test this due to having a sample size of four 

nests with mass mortality and behavioural observations (two nests suffered 100% mortality before 

the first behavioural observation at day 2). 
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 There are many potential interesting follow-up studies from this work. For example, 

investigating whether adult and juvenile spiny chromis show elevated plasma cortisol in response to 

noise, both in the short and long term. The link between parental condition and parental care 

behaviour would also be interesting to study further, particularly if parental condition was found to 

be impacted by noise (which seems likely due to increased activity and lower feeding rates). 

7.6 Chapter 6 
In Chapter 6, I presented the results of the first study of the impacts of traffic noise on marine 

invertebrate embryonic development and survival. Boat-noise playback significantly increased the 

likelihood of sea hares suffering developmental failure at the embryonic stage, and mortality at the 

free-swimming veliger stage, but had no discernible impact on the rate of embryo development. Our 

controlled and replicated experimental manipulation in a field setting therefore indicates that 

anthropogenic noise has the potential to impact gastropod molluscs. While we ensured that the 

sound pressure and particle acceleration exposure in the water column matched that of a real boat 

as closely as possible, it is possible that vibrations of different substrates may affect sound 

transmission differently, and this will be a very interesting avenue for future research. 

An alternative explanation for failed development may be that the sea hare embryos enter 

diapause. Diapause is common in other gastropod species including marine Opisthobranchs (Page 

and Ferguson, 2013) and can happen at any life stage. Entering diapause in response to vibrations 

could be an adaptive strategy to avoid extreme natural events, for example storms. Future studies 

could reveal whether development was totally halted or only delayed in sea hares. It would also be 

very interesting to investigate whether gene expression in impacted eggs differed from controls, to 

establish whether the penetrance of genetic mutations could be the mechanism for developmental 

failure. 

Evidence shows that the molluscan neuroendocrine system utilises some hormones that are 

common throughout other taxa where the effects of stress are better known, such as 

adrenocorticotrophic hormone (ACTH), noradrenaline and dopamine (Lacoste et al., 2001). 

Therefore, it is possible that chronic noise stress may affect survival via the immune system or via a 

physiological trade-off in resource allocation to growth and development versus the metabolic load 

incurred by chronic adrenal activation. Further work could investigate whether hormone 

concentrations in boat noise-exposed eggs were different from ambient controls. 

7.7 Final thoughts 
My thesis has encompassed investigations into impacts of anthropogenic noise on a diverse range of 

species in varied settings. A common theme throughout has been repeated exposure to playbacks of 
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traffic noise over the course of multiple days/weeks. This is an approach which until now has not 

been attempted in the underwater environment. As a result we have developed new ways of using 

recording and playback equipment. Other common themes throughout have been the use of 

behavioural and developmental measures to determine impacts over time. Two of my experimental 

chapters focused on how responses could differ under different circumstances; temporal regime of 

exposure or length of exposure. The other two focused on measures of fitness. My work made a 

logical progression from tank to field-based studies and I think that the best way to move forward 

with these types of study are to combine field with laboratory studies in the same species. 

The main implications of my work are that long-term impacts often need to be considered in 

assessments of impacts of anthropogenic noise in order to understand the ultimate consequences. If 

short-term measures are directly related to fitness (e.g. anti-predator behaviour – Chan et al., 2010; 

Voellmy et al., 2014a; Simpson et al., 2015), then long-term studies may be less necessary. But my 

work shows that extrapolating from short-term experiments to long-term fitness consequences is a 

major issue, because responses can change over time (Bejder et al., 2009). These impacts may have 

apparently subtle mechanisms but with disastrous consequences, with the potential for impacts on 

population viability and community structure and function. Future work should aim to consider 

measures directly related to fitness whenever possible. Longer-terms studies than those conducted 

in this thesis are needed to prove conclusively whether impacts of anthropogenic noise on selective 

pressures during developmental stages truly do have greater impacts for populations than impacts 

at the adult stage. This would have a large impact on the field of anthropogenic noise research as 

the current focus is usually on adults. Findings from studies that directly assess fitness 

consequences, such as ours, are vital to parameterise population-level models that can be used to 

develop international policy and regulate this issue of global concern. 
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Appendix 1: Particle motion: the missing 
link in underwater acoustic ecology, 
program instructions 
A1.1 Should you measure particle motion? 
A MATLAB script for answering this question is at the design stage. It will appear as follows: 

 

 

 

And follow the rules outlined below: 

 
1) Are you in the near field with a monopole source? 

IF source type = monopole 

AND distance to sound source is anything less than 1 wavelength using lowest frequency: 𝜆𝜆 = 𝑐𝑐𝑤𝑤
𝑓𝑓

 

Output: Recommend measuring particle motion but can compare to calculations using an 

equation written by Harris (Chapman and Hawkins, 1973): 

𝜉𝜉 =  
𝑝𝑝

2𝜋𝜋𝜌𝜌𝑐𝑐 �1 + �
𝜆𝜆
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where ξ = displacement (m), p = pressure (Pa), ρ = density of the water (kg/m3), 𝑐𝑐 = sound speed 

(m/s), and r = distance to sound source (m). Can then use standard equations from Box 1 to convert 

displacement to acceleration or velocity if required. 

 
2) Are you in the near field with a source that is not a monopole? 

IF source type = other 

AND distance to sound source is anything less than 1 wavelength using lowest frequency 

Output: Need to measure particle motion 

 
3) Are you below the cut-off frequency? 

IF lowest frequency is below cut-off: 

𝜋𝜋𝑐𝑐 =  
𝜋𝜋 −  𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠 𝜌𝜌𝑤𝑤⁄

2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜓𝜓𝑐𝑐
𝑐𝑐
𝐻𝐻 

 

Where 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠 = sediment density, 𝜌𝜌𝑤𝑤 = water density, 𝑐𝑐 = sound speed in water, 𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠 = sediment 

sound speed, 𝜓𝜓𝑐𝑐 = critical angle = 𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝜋𝜋 � 𝑐𝑐
𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠

� and 𝐻𝐻 = water depth 

 

 

Examples of 𝒄𝒄𝒔𝒔𝒔𝒔𝒔𝒔:  

Sand = 1.1978 * 𝑐𝑐, Silt = 1.0479 * 𝑐𝑐, Clay = 0.9846 * 𝑐𝑐 

 

Examples of 𝝆𝝆𝒔𝒔𝒔𝒔𝒔𝒔: 

Sand = 2.086 * 𝑐𝑐, Silt = 1.601 * 𝑐𝑐, Clay = 1.331 * 𝑐𝑐 

 

Output: Need to measure particle motion 

 

 

ELSE IF distance to sound source is more than than 1 wavelength  

AND frequency is greater than cut-off 

Output: Can calculate particle motion using standard equations in Box 1: 𝑢𝑢 =  𝑃𝑃
𝜌𝜌𝑐𝑐

, (although 
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caution should be taken if near the surface or bottom, distance to boundaries where this equation 

applies requires further investigation) 

Can then use standard equations from Box 1 to convert velocity to acceleration or displacement if 

required. 

 

Caution that these are rules of thumb only and the best way forward is certainly to make 

measurements and compare them with modelling of particle motion from pressure wherever 

possible. 

A1.2 Calibrating recorders  
1. Open MATLAB 

2. Set file path to folder containing analysis programs 

3. Open “PM_Analysis_GUI_Windows.fig” 

4. Tools > Create calibration tone 

5. Select desired folder location for calibration tone 

6. Enter desired calibration tone parameters 

7. Load calibration tone onto an mp3 player 

8. Plug the oscilloscope into the headphone jack of the mp3 player and play the tone 

9. Note the peak–peak voltage on the oscilloscope—move horizontal markers on oscilloscope 

display screen until they are just touching the regular peaks and troughs of the wave to find the 

peak–peak voltage (see Figure 2.4). (NB for a sine wave, peak–peak voltage is simply double the 

peak voltage.) 

10. Record the same tone from the same mp3 player AT THE SAME VOLUME with your recorder. 

(Make sure there is no ‘peaking’—in which case, a red light will usually be illuminated on your 

recorder. If this is the case then adjust the volume of playback until there is no peaking and 

return to step 2.) 

11. Note the name of the track which corresponds to the recorded pure tone of known voltage  

12. Repeat at each recording input level for each channel you wish to use on your recorder 

13. If recorder has a flat frequency response, these recordings will apply over the range at which 

frequency response is flat 

14. Download recordings onto your computer and name files according to input voltage and 

recorder channel and level 

As a general point, BEWARE any switches or knobs on your recorder that could change the 
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calibration! For example ‘master volume’ or anything to do with gain such as ‘auto gain’. You need to 

calibrate the recorder for each different setting you use when recording (you can never calibrate for 

auto gain because the recorder will automatically change its own settings as you record so just avoid 

that altogether). 

A1.3 Calibration settings in paPAM 
Either load a previously saved settings profile, or create a new one by following these instructions: 

 

A1.3.1 Calibrate for sensitivity of instrument: 
1.  Click ‘Select device calibration file’ 

This should be a comma separated (csv) file containing the frequencies at which your device was 

calibrated in columns 1, 3, 5 and 7 respectively for channels X, Y, Z and H. Columns 2, 4, 6 and 8 

should contain calibration data for channels X, Y, Z and H in V/ms-1 for accelerometer channels X, Y 

and Z, and V/µPa for hydrophone channel H. paPAM will integrate between frequencies entered, so 

if you wish to enter a flat response for a hydrophone in a given frequency range (e.g. -165 dB re 1 V/ 

µPa between 2 and 30 000 Hz) it can be entered as follows: 

 

 

A1.3.2 Calibrate recorder channels:  
1. Click ‘Calibrate Channel’ 

2. Enter reference voltage (peak–peak voltage measured using oscilloscope in step 9 of Calibrating 

recorders) 

3. Select channel to calibrate 

4. Select pre-recorded calibration tone at reference voltage and input level for the recordings you 

wish to analyse 

5. A plot of the waveform of your calibration recording will open with time along the x-axis, select 

start and end of calibration tone 
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A1.3.3 Save settings profile:  
1. Click ‘Save’ under settings profile  

2. Save using a name that corresponds to the recording settings used 

A1.4 Combining separate channel wav files into multi channel wav 
files in paPAM 
Files recorded on separate channels can be analysed together if they are combined as multi-channel 

wavs using the following instructions 

1. Open MATLAB 

2. Set file path to folder containing analysis programs 

3. Open “PM_Analysis_GUI_Windows.fig” 

4. Tools > Create multi channel wav files 

A1.4.1 Creating a single multi-channel wav 
5. Select folder location 

6. Select X, Y, Z and H wav files (NB adding each further channel is optional) 

7. Select folder location for the combined wav to be saved 

A1.4.2 Batch processing to create many multichannel wavs 
5. Select the folder with the files you want to combine 

6. Enter parsing mask (this tells the program the format for the file names you wish to combine, 

see examples in graphic user interface (GUI, i.e. the window in which you are running the 

program)) 

7. Enter channel identifiers 

A1.5 Analysis options in paPAM 
Select files for analysis in the ‘input’ section and follow instructions as they appear on screen. You 

may analyse a single file (which may be single channel or combined channels), or batch process 

several files (which may also be single channel or combined channel files). If analysing single channel 

files, specify whether these are particle motion or pressure. If analysing a single channel particle 

motion channel, the calibration information for channel X will be used. 

A1.5.1 PSD (Power spectral density)  
Select this analysis option to analyse a sound for which you wish to see the spread of energy in the 

frequency domain. This is calculated as in equation 11 of the Supplementary Materials of Merchant 

et al. (2015).  

A1.5.2 Impulse  
Select this analysis option to analyse a single impulse; energy at all frequencies will be analysed in 
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the time domain. 

A1.5.3 Broadband  
Select this analysis option to calculate the root-mean-squared energy in a sound averaged over 

frequency and time. 

 

A1.6 Defaults and options: 
A1.6.1 Analysis Options 
Time range (seconds): Default: analyse entire recording(s). Option: analyse a subsection of your 

recording(s) by entering the time range you wish to analyse, or if analysing a single file you can 

manually select a time range from a plot of the waveform using GUI select. 

Bandpass filter (Hz): Default: analyses from 0 Hz to Nyquist frequency (Fs/2) or limit of device 

calibration information, whichever is lower. Option: analyse a subset frequency range by entering 

the lower and upper frequencies of interest. 

Output units: Applies when analysing particle motion only. Default: acceleration in dB re 1 

(µm/s2)2/Hz. Option: velocity in dB re 1 (nm/s)2/Hz. (NB if analysing pressure only, default output 

units are dB re 1 µPa2/Hz.) 

PSD Options: Default: Values for each frequency bin across all time windows will be averaged over 

time via taking the mean before converting to dB. Option: 5%, 50% and 95% exceedance levels 

(percentiles calculated before converting to dB) can be added to outputs if selected here, this gives 

some idea of variability in sound levels over time and is an alternative to plotting the standard 

deviation (which sometimes gives negative numbers which cannot be converted to dB via logging). 

Additional Output: Waveform: Produces a plot of sound level over time 

Additional Output: Spectrogram: Produces a 3-D plot of PSD over frequency and time. Temporal 

and frequency resolution impacted by choice of window length. 

 

A1.6.2 Time Stamp 
Default: Use system time. Option: Add a custom time stamp to contextualise your recording in real-

time. 

 

A1.6.3 Window Settings 
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To compute a PSD, we divide the sound recording into sections of defined length (‘windows’) before 

conducting a discrete Fourier transform (DFT) on each window. The number of samples in a window 

determines the temporal and frequency resolution of the analysis.  

Window type: Default: Hamming. Option: Hann (Hamming and Hann windows are very similar and 

both are fine for PSDs). We apply a windowing filter to each window to prevent ‘spectral leakage’ 

(an artefact of the computation process which makes results inaccurate). A windowing filter 

attenuates the energy in the samples near the beginning and end of the window (this is often in the 

shape of a bell curve although there are many different types). So that we do not lose energy via this 

attenuation, we allow windows to overlap. 

Window length: Default: Window length = Fs (sample frequency). This gives a frequency resolution 

of 1 Hz and a temporal resolution of 1 s. Option: Higher numbers than the Fs will give a lower 

temporal resolution and a higher frequency resolution, numbers lower than the Fs will give a higher 

temporal resolution and a lower frequency resolution. 

Overlap: Default: 50% overlap. Option: 50% is sufficient to avoid losing energy due to windowing, 

overlapping by more than this will increase the amount of data produced and have the effect of 

‘smoothing’ the spectrogram. 

 

A1.6.4 Misc  
Figure size: Default: 800 x 800 pixels 

A1.6.5 Batch Processing Options 
Allows you to begin processing after an amplitude threshold; useful if you have used a loud bang to 

signify the start time of recording. 

 

A1.6.6 Execute 
Write results to file: Default: Do not write results to file if analysing single recording; always write 

results to file if batch processing multiple files. Option: Select this to write results to file if analysing a 

single recording. 

Select Folder: Use this to select the folder where a csv file will be saved with results. 
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Appendix 2: Dascyllus trimaculatus 
blood cortisol EIA kit validation 
 

A2.1 Methods 
Blood samples were taken from 25 three-spot damselfish, Dascyllus trimaculatus, laterally from the 

caudal vein using heparinised 75 µl haematocrit capillaries and kept on ice until processing. 

Individual blood samples were centrifuged (Sigma Centrifuge 1-14; http://www.sigma-

zentrifugen.de/) at 10,000g for 5 minutes. The supernatant, a yellow plasma layer, was collected 

without disturbing the white buffy layer or the blood cells. This pool of 25 samples was stored at -80 

ºC for three months before kit validation.  

Validation of the kit comprised: 1) parallel displacement of serially diluted plasma to the 

standard curve; 2) precision from intra- and inter-assay variabilities. 

1) Parallelism was evaluated by measuring cortisol concentrations in pooled plasma samples, 

serially diluted in EIA buffer provided with the kits. Two sets of dilution ratios were prepared: 1:3, 

1:7, 1:20, 1:53, 1:143, and 1:387; as well as 1:11, 1:28, 1:69, 1:172, 1:430, and 1:1074. The maximum 

bound (% B/Bo) for each of the 12 sample dilutions and for the seven standards were plotted against 

their relative log dilution and the shapes of the resulting curves were compared. These curves must 

be parallel to support the assumption that the antibody-binding characteristics of standard and 

sample are similar enough to allow the determination of antibody levels in the diluted plasma 

sample. An ANCOVA was carried out to determine the homogeneity of slopes between the sample 

dilutions and those of the kit’s standards. In addition, regression analysis of the diluted sample was 

used to determine the dilution factor that corresponds to 50 % of antibody bound. 

2) Precision was assessed by examining intra- and inter-assay variability of samples with 

different hormones levels. Intra-assay variability was determined by evaluating 14 plasma samples in 

duplicate within the same run of the assay. Inter-assay variability was determined by evaluating four 

samples in two runs of the assay. Variabilities or coefficients of variation (CV) of repeated measures 

of samples were assessed. CV was calculated according to the formula: CV = (SD. 

 

X -1) x 100. A kit 

was considered to have good precision if the CV was < 20% as per the guidelines in (Plikaytis et al., 

1994) and (Sukovaty et al., 2006). 
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A2.2 Results 
Twelve dilutions of pooled plasma from D. trimaculatus were screened with the cortisol kit’s 

standard curve and a characteristic S-shaped curve was observed (Fig. A2.1a). As only the linear part 

is of interest, however, the curve using eleven dilutions of pooled plasma was used and was found to 

run parallel to that obtained using standards provided with the cortisol kit (Table A2.I and Fig. 

A2.1b). Regression analyses enabled the appropriate dilution factors for 50 % of antibody bound for 

the three-spot damselfish to be determined with the cortisol kit (Table A2.I). D. trimaculatus also 

showed high accuracy and precision with the cortisol kit determined from intra- and inter-assay 

variabilities respectively; 4.4% (n = 14) and 7.6% (n = 4).  

Table A2.I. ANCOVA on homogeneity of slopes for sample dilution versus standard dilution curves 

for cortisol kits in Dascyllus trimaculatus. The dilution factor (dilution) for 50 % of antibody bound 

determined from regression analyses is also given. 

 

Assay Species df Mean square F p Dilution factor 

Cortisol D. trimaculatus 1,46 0.009 0.542 0.466 1:53 (0.019) 

df, degrees of freedom; F, test statistic: p, probability. 

 

a)  
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b)  

Figure A2.1. Dose-response curves for cortisol obtained using seven kit standards and pooled plasma 

of Dascyllus trimaculatus from a) 12 dilutions and b) 11 dilutions (kit standards: y = -33.153 x - 

28.014, R2 = 0.98, N = 24, p < 0.001; samples: y = -33.906 x - 8.385, R2 = 0.96, N = 21, p < 0.001). 

Dashed line and arrow represents 50 % bound (see Table I for corresponding dilution factors).    = 

Pooled sample plasma;    = Cortisol kit standards. 

 

In conclusion, the dose-response curves were parallel to the cortisol EIA assay kit standards 

(Fig. A2.1b; Table A2.I) and high precision was obtained from intra-and inter-assay variabilities (< 

10%) with D. trimaculatus. Consequently, this kit can be confidently used for measuring cortisol in D. 

trimaculatus.  
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Résumé : Certains bruits d'origine anthropique sont maintenant considérés comme pollutant 
avec les impacts sur le comportement et la physiologie dans un large éventail de taxons. 
Cependant, peu de recherches ont examiné les effets de ces sons répétés ou chroniques sur le 
développement ou sur les conséquences de fitness. Les poissons et de nombreux invertébrés 
utilisent le son sous l'eau pour les processus tels que l'orientation et de la communication, et 
sont donc vulnérables à la pollution sonore anthropique. Aussi, les poissons et les invertébrés 
constituent une source de nourriture vitale pour des millions de personnes. J’ai fais des 
expériences portant sur l'impact de l'exposition répétée au bruit du trafic, la source 
anthropique la plus courante de bruit dans l'environnement marin. Je démontre qu’une variété 
de comportements a été touchée par le bruit. J’ai aussi trouvé que la regularité du bruit à des 
impacts différents sur le développement, mais que certaines espèces de poissons peuvent être 
en mesure de s'habituer au bruit du trafic, tandis que d'autres non. En outre, je trouve que le 
développement et la survie des limaces de mer peuvent être impactés négativement par le 
bruit des bateaux. 
 
Title : Impacts of anthropogenic noise on behaivour, development and fitness of fishes and 
invertebrates 

 
Abstract : Evidence is building that noise from human activities such as transportation, 
construction and exploration can impact behaviour and physiology in a broad range of taxa. 
However, relatively little research has considered effects on development or directly assessed 
fitness consequences, particularly with respect to repeated or chronic noise. All fishes and 
many invertebrates use underwater sound for processes such as orientation and 
communication, and are thus vulnerable to anthropogenic noise pollution. Fishes and 
invertebrates detect the particle motion component of sound. As the first part of my thesis 
(chapter two), I provide a computer program which allows users to determine under what 
circumstances they should measure particle motion; I explain how these measurements can be 
made and provide a program for analysing this type of data. The main part of my thesis 
comprises experiments investigating the impact of repeated exposure to traffic noise, the 
most common anthropogenic source of noise in the marine environment, on fishes and 
invertebrates during development. In all three chapters involving experiments on fish in tanks 
and in the field, I found that a variety of behaviours were impacted by traffic noise playback. 
I also found that predictable noise can lead to different impacts on development from 
unpredictable noise, but that some species of fish may be able to habituate to traffic noise, 
while others suffer lower survival. Further, I found that the development and survival of 
seahares (Stylocheilus striatus) can be negatively impacted by traffic-noise playback.  

Mots-clés : Poissons, invertébrés, bruit anthropique, comportement, développement, fitness 

Keywords : Fish, invertebrates, anthropogenic noise, behaviour, development, fitness 

 


