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Abstract 

Underwater soundscapes have grown considerably louder over the previous 

century due to increases in anthropogenic noise, with increasing evidence that man-

made sound can negatively impact aquatic fauna. Despite their vital ecological roles, 

and increasing commercial importance, the effects of sound on aquatic invertebrates are 

understudied in comparison to marine mammals and fish, despite their ability to 

perceive sound. Even fewer studies have considered the responses of early life aquatic 

invertebrates to underwater sound, despite their often greater vulnerability to 

environmental stressors compared to adults.  

Through a series of controlled laboratory experiments, five model species 

(Norway lobster Nephrops norvegicus (L.), European lobster Homarus gammarus (L.), 

the European flat oyster Ostrea edulis (L.), the veined squid Loligo forbesii (Steenstrup, 

1857) and the water flea Daphnia magna (Straus, 1820)) were exposed to playbacks of 

anthropogenic noise. Two key knowledge gaps were addressed in this thesis: whether, 

and how 1) continuous noise (the most common anthropogenic noise source in the field) 

affects the early life stages of aquatic invertebrates and 2) noise impacts on aquatic 

invertebrates carry over from one life stage to the next e.g. from larva to juvenile or 

from mother to offspring. 

The early life stages of four out of the five model species studied were negatively 

impacted by noise, demonstrating that noise susceptibility is shared across a 

functionally and taxonomically diverse range of early life aquatic invertebrates. The 

experiments also revealed that impacts can carry over from larva to juvenile (N. 

norvegicus) and from mother to offspring (D. magna). The scientific evidence generated 

here will inform future research, legislative decision makers and managers of the 

importance of considering early life invertebrates as receptors of anthropogenic noise 

impacts, allowing them to generate more adequate mitigation strategies to uphold their 

commitments to limiting the impacts of noise on the marine environment.  
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Chapter 1 

General Introduction 

The overall topic of this thesis is the response of aquatic invertebrates to anthropogenic 

(man-made) sound across different life history stages. A review of the trends (in taxa, 

sounds, life stages, and response parameters studied) in stressor research (and 

underwater sound research in particular) is presented which was used to identify 

knowledge gaps and generate the overarching hypotheses pertaining to the thesis topic 

(chapter 2). A series of controlled laboratory experiments, designed to address the 

identified knowledge gaps are then reported on (chapters 3-7), followed by a synthesis 

of all experimental results and their wider implications (chapter 8).  Firstly however, 

this chapter will introduce the key concepts of aquatic sound, the importance of sound 

to invertebrates, and the current legislative framework concerning noise pollution. The 

overall aim, objectives and the structure of the thesis will also be outlined. 

1.1 – Sound in the aquatic environment 

The realm beneath the surface of the water has long been considered to be a 

“silent world” (Cousteau and Dumas, 1953). In fact, the aquatic environment, much like 

the terrestrial environment, is filled with sounds. These underwater sounds can be 

produced by natural sources or can be man-made (anthropogenic). Natural ocean sound 

encompasses abiotic sources such as crashing waves, wind, rain, tidal flows, lightning, 

thermal sound (the high-frequency vibration of energetic water molecules) and the 

various sonic consequences of tectonic activity ranging from seismic movements to 

earthquakes and volcanic eruptions. This abiotic environmental sound is supplemented 

with biotic sounds, from actively-produced signals such as marine mammal calls (Berta 

et al., 2015), the ‘drumming’ sounds produced by courting fish (Engen and Folstad, 

1999) and snapping shrimp ‘pops’ (Butler et al., 2017), to the by-products of biological 
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activity such as the scraping sounds produced by the mouthparts of feeding sea urchins 

(Coquereau et al., 2016).  

In the aquatic environment light travels poorly, whereas sound propagates faster 

and further than in air, driving many animals to evolve mechanisms to utilise 

underwater sound as a primary source of long distance information (Popper and 

Hawkins, 2016). Aquatic mammals, fish and invertebrates use underwater sound for 

communication (Janik, 2014; Smott et al., 2018; Zenone et al., 2019), predator detection 

(Randall Hughes et al., 2014), orientation towards desirable habitats (Lillis et al., 2015; 

Simpson et al., 2004; Vermeij et al., 2010) and prey location and capture (Berta et al., 

2015). Over the previous century, human activity in aquatic environments, and the 

sounds that it produces, has increased considerably (Frisk, 2012), leading to growing 

concerns over the potential impacts of this additional sound on aquatic organisms 

(Williams et al., 2015). Economic growth has necessitated (and been driven by) 

increases in shipping, oil and gas exploration and extraction and more recently, the 

expansion of renewable energy developments. These activities have caused background 

sound levels in the oceans to rise globally (Hildebrand, 2009). Low-frequency ocean 

sound (20 – 200 Hz) has increased by 10 – 100 fold over the previous century, 

predominantly due to increases in commercial shipping (Tyack, 2008). Whereas sound 

is a term that can be used to describe any acoustic wave, noise is defined as a sound that 

is unwanted or harmful and therefore always has a negative connotation. In this thesis, 

noise is defined as unwanted or harmful sound with respect to the aquatic fauna that are 

exposed to it. 

To understand how these increases in anthropogenic sound relate to natural sound, 

and how it may affect the animals that encounter them, it is important to first understand 

the characteristics of sound and how it behaves in aquatic environments. 
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1.1.1 - The fundamentals of underwater acoustics 

Sound is a mechanical wave that propagates through a medium via the vibration 

of the particles that make up said medium. In elastic substances such as air and water, 

sound travels away from its source as a longitudinal pressure (P) wave composed of 

alternating compressions and rarefactions of the medium. Sound is therefore composed 

of two different parameters, the pressure waves that pass through the medium, and the 

displacement of the individual particles within the medium that is necessary to transfer 

the waves (Figure 1.1).  

The change in measured pressure from the ambient level at a single location 

caused by the compression or rarefaction of a passing sound wave is known as sound 

pressure. Sound pressure is most often characterised as the sound pressure level (SPL), 

which is a relative measure of the amplitude of a pressure wave expressed on a decibel 

logarithmic scale. The SPL (decibels (dB)) is calculated as: 

20log (
𝑃𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
𝑃𝑟𝑒𝑓𝑤𝑎𝑡𝑒𝑟

) 

Where Pmeasured  is the pressure amplitude of a sound wave (measured in Pascals 

(Pa)) and Pref water is a defined reference pressure level, which in water is 1 µPa. In 

contrast, the reference pressure for air Pref air is 20 µPa. For this reason, care must be 

taken when comparing in-air and in-water SPLs. 

The second component of sound is particle motion – the oscillation of individual 

molecules within the medium to facilitate the transference of the pressure waves (Figure 

1.1). Unlike SPL which is a scalar measure, particle motion is described as a vector, 

with both a magnitude and a direction. The movement of particles can be described in 

three ways: 1) displacement (m), 2) velocity (m s-1) or 3) acceleration (m s-2). 
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The speed of sound in water (c) is related to the frequency (Hertz (measured as the 

wave cycles per second)) and wavelength (m) of the sound pressure waves in the 

following way:  

𝑐 = 𝑓𝜆 

Where f = frequency and λ = wavelength. This means that for a given sound 

speed, low-frequency sound waves have long wavelengths. The speed of sound in water 

is dependent on temperature, salinity and depth, but can simply be stated to be 1500 m 

s-1, approximately four times faster than in air (340 m s-1). This means sound travels 

further in water before it begins to lose energy to the surrounding medium (attenuation). 

Attenuation is also frequency dependent, with higher frequency sound waves 

attenuating more quickly. This is of significance to marine environments, as many 

anthropogenic sound sources occupy lower frequency ranges and can therefore travel 

over great distances. To illustrate this, the Heard Island feasibility test demonstrated that 

low frequency (57 Hz) sound signals at a SPL of 206dB (re: 1 µPa) could be transmitted 

by underwater speakers in the Antarctic waters of Heard Island, and could then be 

detected 3 hours later 16,800 km away off the coast of Bermuda (Baggeroer and Munk, 

1992). 
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Whilst underwater sound pressure can be measured with a hydrophone (the 

aquatic equivalent of a microphone) relatively simply, the associated particle motion 

cannot always be reliably calculated from the measured pressure. This is because sound 

pressure and particle motion, whilst related, propagate and behave in different ways. In 

the far-field sound waves travel as a plane and pressure becomes proportional to particle 

motion. The far-field is usually calculated as the distance from the sound source that is 

greater than or equal to: 

𝜋𝐷2

𝜆
 

Where D = the greatest dimension of the sound source (m) and λ = sound 

wavelength (m). 

Figure 1.1 The movement of a sound wave through an elastic medium. 

As the wave moves from left to right, areas of high pressure 

(compression) are followed by areas of low pressure (rarefaction). For 

these waves to propagate, it is necessary for individual particles to 

oscillate back and forth as they receive energy from a particle to the left 

and transfer this energy to a particle to their right (signified by the red 

particle). These are the two key components of sound: pressure waves 

and particle motion. 
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In this scenario, the relationship between sound pressure (p) and particle motion 

(v) is described by a fluid property called the acoustic impedance (Z), where Z = pv. In 

free-field conditions, where sound waves propagate without interference, Z can also be 

described as the product of the fluid dependent c and ρ, where ρ is density.  

However, the assumptions of free-field conditions often do not apply in aquatic 

environments, due to water surfaces or bottom substrates reflecting sound waves in 

unpredictable ways causing interference to propagation. In the near-field of the sound 

source particle motion and pressure decay at different rates, further complicating the 

relationship between the two parameters. For these reasons, when wanting to 

characterise a given sound field, in most circumstances particle motion must be 

measured, rather than back-calculated from measured sound pressure (Nedelec et al., 

2016). This is of particular importance for tank based sound exposure studies, where an 

experimental animal may be exposed to sound waves that are in the near-field of an 

underwater speaker and tank boundaries will reflect sound waves, affecting the sound 

field within the tanks. Experimental aquaria can however be built to exacting 

specifications and both pressure and particle motion can be measured in multiple 

locations in the tank to adequately characterise the sound field and consider it in any 

analyses and interpretations. As particle motion is a vector, it is usually measured with a 

tri-axial accelerometer, so that movements in the x,y and z axes can be taken into 

account. 

Once particle motion and sound pressure have been measured with x-y-z 

accelerometers and hydrophones respectively, there are several ways of presenting the 

outputs produced by these devices. The appropriate reporting of sound measurements 

predominantly depends on whether the sound is continuous or impulsive. As the energy 

content of continuous sound remains relatively constant over time, the most important 

component of such sound to animal hearing is thought to be the average amplitude. For 
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this reason, continuous sound should be reported as an average sound pressure level and 

an average particle velocity (or acceleration). The averaging method most used is root-

mean-square (RMS) (Merchant et al., 2015). Impulsive sound is transient in comparison 

to continuous sound. In other words, high-amplitude sound pulses are interspersed 

between periods of low-amplitude sound levels (common source examples include 

underwater explosions and pile-driving). The most important characteristics of these 

sounds is the peak amplitude levels of the sound pulses, the duration of the pulses and 

the number of pulses in a given time period. These are reported as zero-to-peak or peak-

to-peak sound pressure levels (SPLz-p, SPLp-p) , zero-to-peak or peak-to-peak sound 

velocity levels (SVLz-p, SVLp-p), energy per sound pulse (single strike sound exposure 

level (SELSS)) and the cumulative energy received over time (SELcum) (Van der Graaf et 

al., 2012). 

 

1.2 – Underwater sound and invertebrates 

Since concerns over the impacts of anthropogenic sound on aquatic animals first 

arose in the 1970s (e.g. (Myrberg, 1978)), research has historically focused on marine 

mammals (Wale et al., 2021; Williams et al., 2015). These organisms produce clear and 

recognisable sounds for communication and hunting, and mass strandings were linked 

to military sonar usage therefore making them logical candidates for initial research 

(Myrberg, 1978; Richardson et al., 1995).  Exposure of marine mammals to 

anthropogenic noise is now known to cause shifts in foraging and diving behaviour, 

physical injury and hearing loss (Gomez et al., 2016; Gordon et al., 2003; Madsen et al., 

2006). 

The research field then developed to encompass fish, where anthropogenic noise 

can variously cause stress (for definition see section 2.3.2), increase oxygen 

consumption, disturb foraging and anti-predator behaviour, cause mechanical injury and 
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reduce early-life survival. For examples and comprehensive reviews, see Harding et al. 

(2018); Hawkins and Popper (2017); Popper and Hastings (2009); Radford et al. (2016); 

Sierra-Flores et al. (2015); Simpson et al. (2016); Slabbekoorn et al. (2010).  

In comparison to marine mammals and fish, aquatic invertebrates have received 

far less research attention (Wale et al., 2021; Williams et al., 2015). As such this thesis 

aims to increase their representation within the noise impact literature, for the reasons 

outlined below. 

Invertebrates are taxonomically the most diverse form of eukaryotic life (Mora et 

al., 2011). They play vital ecological roles, e.g. they form key links in food webs (New 

and Yen, 1995), filter water and control eutrophication (Officer et al., 1982), increase 

nutrient cycling, bioturbate sediments (Snelgrove et al., 1997) and form habitat for other 

species through e.g. reef-building (Coen et al., 2007) or burrowing (Needham et al., 

2010). Due to their important role in food web trophic dynamics, they are often 

described as a keystone species (Miner et al., 2012; Rodriguez-Perez et al., 2019; Rosa 

et al., 2012). 

Aquatic invertebrates are also commercially important globally (Bondad-Reantaso 

et al., 2012; Botta et al., 2020; Pauly et al., 2002), making up 15% of global wild 

capture tonnage and 34% of global trade value in 2018 (FAO, 2020). They form an 

increasingly important component of wild capture fisheries and aquaculture production, 

since as many finfish stocks become overfished and/or stringently managed, fishers are 

diversifying their effort to more abundant or less restricted invertebrate stocks 

(Anderson et al., 2011). 

Aquatic animals perceive sound in varying ways. Sound pressure waves are 

detected by the compression and expansion of sensory systems, whereas particle motion 

is detected as sensors are vibrated or ‘shaken’.  To detect sound pressure waves, the 
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walls of a sensory system must oscillate enough to stimulate sensory hair cells. This is 

achieved in an aquatic environment with air-filled organs which are found in marine 

mammals (mammalian ears) and many fish (swim bladders). The lower density of air 

inside such organs allows them to expand and contract sufficiently for hair cell 

stimulation with passing pressure waves (Gomez et al., 2016; Hawkins and Popper, 

2017). Invertebrates, as far as we know, do not possess organ systems that are likely 

involved in sound pressure wave detection. They do however possess a range of 

mechanoreceptors that are likely to be involved in the perception of the particle motion 

component of sound. Many invertebrates are covered in sensory hairs (setae) across 

their outer body surfaces which can detect particle motion (Popper et al., 2001). 

Molluscs and crustaceans also often possess statocyst organs which are thought to 

detect particle motion (Jézéquel, et al., 2021; Kaifu et al., 2008). Statocysts are fluid 

filled sacs with a denser mass called a statolith. The statolith lies against sensory hair 

cells that line the inner walls of the statocyst. The bodies of aquatic animals are of a 

similar density to water, so the body vibrates with particle motion as a sound wave 

passes through. The inertia of the statolith causes it to move in relation to the vibrating 

statocyst that surrounds it, thereby stimulating the sensory hairs in contact with it. 

Finally, crustaceans possess chordotonal organs which are associated with the joints of 

flexible body appendages. In water, some of these appendages can vibrate alongside the 

oscillation of water surrounding them.  Highly sensitive chordotonal systems have been 

described in the joints associated with the antennal flagellum in crayfish and lobsters 

(Bender et al., 1984; Tazaki, 1977). 

Given the diversity of both the sensory systems described above and the 

morphology, physiology and life-history strategies of invertebrates, predictions of likely 

responses to underwater sound are difficult to make. For example, low frequency 

anthropogenic noise has been shown to induce the settlement of ascidian larvae and 
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delay the settlement of barnacle larvae (Branscomb and Rittschof, 1984; McDonald et 

al., 2014). Depending on the amplitude, frequency and temporal characteristics of the 

sound wave, and the sensitivity of the invertebrate to each combination of these sound 

characteristic variables, a wide range of responses to sound could be observed, from 

mortality to subtle behavioural changes. The range of possible responses to noise are 

summarised in Table 1.1. 
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Impact Type of effect Example references 

Mortality Immediate or delayed death  (McCauley et al., 

2017; Nedelec et al., 

2015) 

Auditory damage Damage to statocysts or 

sensory hair cells  

(Day et al., 2019; Solé 

et al., 2013) 

Stress Endocrine, immune and 

metabolic changes that may 

lead to internal damage (e.g. 

oxidative stress) or other 

impacts listed in this table  

(Celi et al., 2015; 

Wale et al., 2019) 

Behavioural disturbance Acute responses e.g. tail-

flicking, change in swimming 

activity, defensive posturing, 

antennule beating 

 

Chronic responses e.g. 

reduced feeding success, 

reduced anti-predator 

response, altered relationship 

to habitat and shelter, long 

term changes in movement 

activity 

 

(Aimon et al., 2021; 

Carter et al., 2020; 

Mooney et al., 2016; 

Wale et al., 2013) 

Masking Reduced communication 

with conspecifics 

 

Reduced ability to respond to 

acoustic signals e.g. larvae 

orienting towards a reef 

(Jézéquel, Bonnel, et 

al., 2021) 

Fitness Reduced reproductive 

success, reduced fecundity, 

reduced offspring growth and 

survival 

(de Soto et al., 2013; 

Nedelec et al., 2015) 

Table 1.1 The potential negative impacts of anthropogenic sound on aquatic invertebrates 

with associated example references 
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Few studies on the impacts of noise on invertebrates have been carried out in 

comparison to fish and mammals (Popper et al., 2020; Williams et al., 2015). Of the 468 

papers on animals presented at the previous four ‘Effects of Noise on Aquatic Life’ 

conferences (Popper and Hawkins, 2012; Popper and Hawkins, 2016), 64% involved 

marine mammals, 26% fish, and 10% invertebrates (Popper et al., 2020). Of the studies 

that do focus on invertebrates, even fewer have considered early life stage invertebrates 

or carry over effects from one life stage to another. The most recent published review of 

invertebrate noise impact studies identified only 3 out of 15 focusing on early life stages 

(de Soto, 2016), despite the fact that invertebrate larvae are often particularly vulnerable 

to environmental stress (Dupont et al., 2013; Egilsdottir et al., 2009; Pineda et al., 2012; 

Wood et al., 2015).  The overall low survival of the sensitive larval stages is considered 

to be a bottleneck for the reproductive success and recruitment of invertebrates with a 

larval phase (Byrne, 2011; Fitzgibbon et al., 2014). The earliest life stages can also be 

eggs which are attached to the substrate or passively moving with currents, and 

therefore unable to move away from unwanted sound exposure (de Soto, 2016; Nedelec 

et al., 2015). Given the rising noise levels in aquatic environments, the importance of 

early life stages to invertebrate success, and the lack of information regarding the ways 

in which these stages may be impacted by underwater sound and noise, there is a clear 

need to study a wider range of aquatic invertebrates and to work towards an 

understanding of how they are impacted by noise across life history stages. With most 

studies focusing on the acute effects of noise, little information exists on whether 

exposure of mothers to noise affects the offspring, or whether noise impacts in early life 

carry over to adulthood. These questions must be answered if commitments to 

international and domestic conservation objectives are to be met. 
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1.3 – The legislative framework 

The increasing levels of anthropogenic noise globally (Frisk, 2012) and concern 

over their impacts on aquatic fauna have led to its international recognition as a 

pollutant in conventions such as the OSPAR Convention (Götz et al., 2009) and the 

Convention on Biological Diversity (CBD, 2012). The European Union has enacted 

legislation such as the Marine Strategy Framework Directive (MSFD) (Marine Strategy 

Framework Directive, 2008) which requires member states to act to achieve “Good 

Environmental Status” (GES) in their territorial waters. Descriptor 11 of GES is: 

“Introduction of energy, including underwater noise, is at levels that do not adversely 

affect the marine environment” (Borja et al., 2010). Whilst this is good progress 

towards mitigating the harms that noise may cause to fauna, there remains a knowledge 

gap as to how many, and how, invertebrate species are affected by noise (Van der Graaf 

et al., 2012). This knowledge gap must be addressed if legislation such as the MSFD is 

to be implemented in an effective and informed way. 

1.4 – Thesis aims and outline 

In this thesis I will begin to address the current lack of knowledge concerning the 

effects of anthropogenic noise on aquatic invertebrates, with a particular focus on the 

understudied early life stages. Firstly, I will summarize the trends and current state of 

the field in aquatic invertebrate noise impact literature. I will use this literature review 

to identify specific knowledge gaps regarding aquatic invertebrate responses to noise 

(chapter 2).  I will then address these knowledge gaps by considering behavioural, 

physiological and biochemical impacts of noise on a taxonomically diverse range of 

study species as they transition through key early life stages (chapters 3-7). I will also 

use a model species to test for the potential for chronic noise exposure to have impacts 

on invertebrates across multiple generations – a concept yet to be addressed in any 

species (chapter 7). 
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Five model species will be considered. Two decapod crustacean species of the 

Nephropidae family, the European lobster Homarus gammarus (L.) and the Norway 

lobster Nephrops norvegicus (L.)  and two mollusc species, the European flat oyster 

Ostrea edulis (L.) and the veined squid Loligo forbesii (Steenstrup, 1857). Finally, a 

keystone freshwater crustacean, the water flea Daphnia magna (L.), was chosen as a 

model species to test for and explore the multi-generational effects of noise exposure. 

The work in this thesis utilises playbacks of anthropogenic noise using underwater 

speakers in controlled laboratory conditions. This allowed for greater control over 

exposure conditions, eliminating any confounding variables, and enabled care to be 

taken in the long-term rearing of small and sensitive early life stage invertebrate larvae, 

with exacting requirements for feeding and water parameters. 

By monitoring the developmental rate and success of the early life stages of the 

chosen study species and combining this data derived from behavioural, physiological 

and biochemical response parameters, a more holistic understanding of the way 

anthropogenic noise impacts invertebrates can be generated, provided much needed 

information on how impacts on crucial early life stages may affect recruitment to the 

wider population. The methods used here can be replicated for other studies focusing on 

early-life noise impacts and D. magna has emerged as a suitable model organism for 

further study of the multigenerational impacts of noisy environments on planktonic 

invertebrates. 
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1.5 – Objectives 

This thesis has the following objectives: 

▪ To identify knowledge gaps concerning the responses of aquatic invertebrates to 

underwater sound, particularly the early life stages 

▪ To use the identified knowledge gaps to guide the generation of experimental 

hypotheses 

▪ To develop methodologies for the simultaneous rearing and anthropogenic noise 

exposure of invertebrate larvae 

▪ To test for and characterise anthropogenic noise-induced impacts on the chosen 

response parameters of a taxonomically diverse range of 5 species of early life 

crustaceans and molluscs 

▪ To investigate whether any observed anthropogenic noise-induced changes carry 

over from one life stage to the next. For example, larvae to juvenile or mother to 

offspring 

▪ To investigate the suitability of Daphnia magna (L.) as a model organism for 

exploring the effects of multi-generational anthropogenic noise exposure 
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1.6 – Thesis Structure 

The structure of this thesis is described below. A summary of the 5 aquatic invertebrate 

species chosen for the experimental chapters (chapters 3-7), the response parameters 

studied, and the sound playbacks used for each species is displayed in figure 1.2. 

▪ Chapter 1 - General Introduction 

 

▪ Chapter 2 - Stress, Sound, and Invertebrate Larvae: Trends, Methods and 

Knowledge Gaps 

The study of anthropogenic noise impacts on the early life stages of 

invertebrates has increased over previous decades. The trend in publications of 

this research in comparison to other types of stressors on invertebrate larvae will 

be outlined and discussed. The existing literature on how early life invertebrates 

respond to underwater sound will be analysed, highlighting existing knowledge 

gaps. 

 

▪ Chapter 3 - Effects of anthropogenic noise on the early life stages of 

Nephrops norvegicus 

Here I describe the commercial and ecological importance of N. 

norvegicus and highlight the overlap of its spatial distribution with busy 

shipping lanes and the noise they produce. I investigate noise playback impacts 

on the survival, developmental duration, oxygen consumption, oxidative stress 

biomarkers and anti-predator behaviour of N. norvegicus, the first study to focus 

on the larvae of this species in the context of underwater noise. Differences 

between noise exposure regimes with differing amounts of noise are explored, as 

are the effects of noise pre-exposure on the acute responses to subsequent repeat 

exposures. 



Chapter 1   | 18 
 

  E. L. Bolger 

▪ Chapter 4 - Effects of anthropogenic noise on the early life stage 

development of Homarus gammarus 

Continuing the work in chapter 3, the same experimental noise exposure 

set up is used to test for effects of anthropogenic noise on H. gammarus larvae. 

Survival and developmental duration data of noise-exposed larvae are reported  

for the first time for this species and the findings observed for N. norvegicus and 

H. gammarus are compared. 

 

▪ Chapter 5 - Effects of anthropogenic noise on the oxygen consumption rate 

of Loligo forbesii embryos 

Here, the commercial and ecological importance of this squid species is 

briefly reviewed, and the current literature on squid hearing presented. The 

effects of acute ship noise playbacks on the oxygen consumption of squid 

embryos are then reported and the effect of noise pre-exposure on the acute 

responses to subsequent exposures explored. The implications of the results to 

our understanding of squid hearing and the potential ecological implications are 

discussed. 

 

▪ Chapter 6 - Effects of anthropogenic noise on the survival and settlement 

behaviour of European oyster Ostrea edulis larvae 

The once abundant O. edulis is currently the subject of concerted 

restoration efforts across the North-East Atlantic to restore this reef-forming 

bivalve to its former extent. Given that larvae of other oyster species have been 

shown to modify settlement rates in response to sound, the effects of 

anthropogenic noise on the settlement behaviour of O. edulis is tested and 
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reported on here. The implications for restoration efforts in a noisy North-East 

Atlantic are discussed. 

 

▪ Chapter 7 - Multi-generational effects of anthropogenic noise on the water 

flea Daphnia magna 

Given that stress impacts can carry over from one generation to the next, 

in the context of this thesis the question arises whether, and how, noise exposure 

of larval invertebrates impacts their adult life, and whether noise-exposed 

mothers pass on impacts to their offspring. There is no study to date that has 

addressed this question. The biology and ecology of D. magna and its suitability 

as a multi-generational model organism is first discussed. Then the impacts of 

anthropogenic noise on survival, development, and reproduction over four 

generations are reported and the impacts of these on population growth 

modelled. The implications of these results for the ecology of freshwater 

systems and future noise impact research are discussed. 

 

▪ Chapter 8 – Synthesis 

This final chapter is a summation of all results generated and methods 

used throughout the thesis. I discuss how the results sit within the broader 

context of existing noise impact literature. I highlight the implications for the 

research field and stakeholders. Finally, I suggest refinements and adjustments 

to the research methods conducted here and propose future avenues for further 

research to effectively expand the field underwater noise research. 
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Chapter 2 

Stress, Sound and Invertebrate Larvae: Trends, Methods and 

Knowledge Gaps 

Abstract  

 As evidenced by a systematic review of all peer-reviewed publications 

published in the field since 1990, the study of anthropogenic sound impacts on 

the early life stages of invertebrates has increased over previous decades but is 

sparse (3% of studies since 2010) compared to studies involving other stressors 

and many unknowns remain. This chapter utilises a bibliometric analysis of 

early life aquatic invertebrate stressor research and aquatic invertebrate sound 

response research to identify trends and current knowledge gaps. Past studies 

mostly investigated whether natural habitat-associated sounds change the 

developmental rate, orientation and settlement of invertebrate larvae. In contrast, 

whether and how ubiquitous anthropogenic noise sources such as shipping 

impacts early life invertebrates is understudied. The literature review also 

revealed a complete lack of information on whether any noise induced effects 

may carry over from early life into adulthood or from mothers to offspring. The 

two gaps of knowledge identified above must be addressed if we are to 

understand the realistic long-term impacts of noisy environments on aquatic 

invertebrates over multiple iterations of their life cycles. Using the identified 

knowledge gaps, experimental hypotheses for this thesis are then generated and 

stated herein. 
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2.1 - Trends in invertebrate larvae stressor research - a bibliometric analysis 

By assessing how the field of early life invertebrate stressor impact research has 

changed over time, it is possible to determine: 1) how well-represented underwater 

sound impacts are in the literature compared to other stressor impacts and 2) how much 

attention has been paid to different invertebrate taxonomic groups. This will in turn 

provide information as to whether there is a scarcity of knowledge concerning the 

responses of early life invertebrates to noise and which taxonomic groups, if any, 

require further study. 

2.1.1 - Methods 

To assess how the field of stressor impact research has changed over time, in 

terms of stressors and taxa studied, literature searches utilising the ISI Web of Science 

database were carried out on 27th August 2021. This database was chosen as it is a 

common standard for bibliometric analyses, has a well-defined coverage and offers 

convenient search result refining and bibliography export functions. Systematic review 

literature search techniques were applied, modifying methods used by Williams et al. 

(2015), to provide opportunity for future repetition of the same review process. The 

search terms contained Boolean operators and were designed to return the maximum 

number of relevant papers as possible, whilst maintaining specificity to the search topic. 

These terms can be found in Table 2.1. Search terms were entered into the ‘Topic’ field 

and the Web of Science Core Collection was queried for papers published from 1900-

2021. The results were further refined to contain only ‘Article’ document types in the 

English language. Therefore, this review is composed of peer-reviewed articles only. 

Where necessary, search terms were enclosed in quotation marks to remove large 

numbers of unrelated papers. Some search terms were truncated with a * symbol to 

capture papers containing variations of word beginnings or endings (Table 2.1). 

Bibliographic data was downloaded and stored as an excel spreadsheet for later analysis 
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by choosing the ‘Full Record with Cited References’ download option. Whilst attempts 

were made to formulate search terms with high specificity, many irrelevant papers were 

returned and these were removed after exporting bibliographic data. Irrelevance 

occurred mainly due to homonyms of sound and noise e.g. the geographic term ‘sound’ 

meaning an ocean inlet or channel. After editing, the first results of the search terms 

were found to begin in 1991.  

All downloaded search results were merged into a single spreadsheet. Each entry 

in the spreadsheet was given a general taxonomic category and imported into R (R Core 

Team, 2017). In the R environment, taxa and stressor topic data was summarised by 

decade and by five-year period. Stressor topic by decade and taxa studied by five-year 

period were presented graphically to visualise trends over time. 

2.1.2 - Results 

There has been a clear trend since the 1990s (first paper published in 1991) of a 

broadening of stressor research with respect to early life invertebrates. Initially, most 

studies were carried out within a toxicology context, predominantly using established 

model bivalve larvae (23% of all studies in 1990-1995) and polychaetes (30% of studies 

1995-2000) (Figure 2.1) to assess for lethal doses of a variety of chemicals and 

pharmaceuticals (Figure 2.2). From 2000 onwards, increasing concerns over the 

potential impacts of stressors on marine ecosystems have led to a proliferation of studies 

focusing on an ever-wider range of potential stress sources. Whilst the impacts of 

hypoxia, pH and UV radiation began to be studied in the 2000’s, noise impacts on early 

life invertebrates were not studied until the following decade, this is despite experiments 

conducted in the 1980s and 1990s having demonstrated the sensitivity of adult 

invertebrates towards noise (see (Budelmann, 1992a, 1992b; Regnault and Lagardere, 

1983)). There are no clear trends in the number of different taxa studied over time, other 
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than a broadening the types of crustacea and echinoderms studied since the year 2000 

(figure 2.1) 

Given the justified concerns over global warming and associated ocean 

acidification, since the 2010’s research has focused on temperature (28% of studies in 

2010s and 24% of studies in 2020s) and pH (28% of studies 2010s and 26% of studies 

in 2020s) as stressors, along with chemical pollutants (28% of studies in 2010s and 30% 

of studies in 2020s) (Figure 2.2). In this research landscape there is a need for attention 

to be paid to other stressors such as noise, which formed 3% of studies in the 2010s and 

1% of studies since 2020. Given the fact that unlike many other stressors mentioned 

here, we are often in direct control of when, where and how we make noise in aquatic 

systems, robust evidence generation for impacts can be comparably swiftly and 

meaningfully acted upon. 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2  | 53 
 

  E. L. Bolger 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2  | 54 
 

  E. L. Bolger 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Changing patterns in the taxa included in early life stage marine 

invertebrate stressor research by five-year period. The number of papers that 

studied each taxa is summarised as a percentage (bar graphs, left y-axis) for each 5-

year bin (1990 ≤ t < 1995, 1995 ≤ t < 1999, etc). The total number of papers 

published for each 5-year period is also presented (black line graph, right y-axis). 

As the final five year period (2020-2024) has not been completed, the total number 

of papers published has been projected assuming the current annual publication rate 

(32.5 publications year-1) remains constant for the remaining years in this period 

(red dashed line, right y-axis). 
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2.2 - Underwater sound and early life invertebrates:  the state of the art 

As seen in section 2.1, the effects of underwater sound on invertebrates are 

understudied in comparison to other stressors such as temperature and changes in pH, 

despite the fact that recent work has shown that underwater noise can impact 

invertebrates in a number of ways, from changes in behaviour (Aimon et al., 2021; 

Fewtrell and Mccauley, 2012; Mooney et al., 2016; Wale et al., 2013b), to physiology 

(Solan et al., 2016; Wale et al., 2013a), to biochemistry (Filiciotto et al., 2014; Vazzana 

et al., 2016). The full extent of the effects of noise on aquatic invertebrates are still 

largely unknown, given that most species have not yet been studied in this context. This 

1990's 2000's

Chemical Oxygen pH Salinity Sound Temperature UV Radiation

2010's 2020's

Figure 2.2 Changing patterns in the sources of stress researched in early life stage 

marine invertebrates by decade. The number of papers that studied each stressor is 

summarised as a proportion for each 10-year bin (1990 ≤ t < 2000, 2000 ≤ t < 2010, 

etc). The number of publications in each group are: 1990s, n = 46; 2000s, n = 129; 

2010s, n = 421; 2020s, n = 82  
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lack of information is even more stark when one considers the early life stages of 

invertebrates as will be demonstrated below. 

There are already a number of recent and comprehensive reviews of the known 

impacts of noise on aquatic invertebrates so far (de Soto, 2016; Di Franco et al., 2020; 

Hawkins and Popper, 2016; Wale et al., 2021), so this literature review will not 

replicate the work already completed by others. Instead, here I will identify: 1) trends in 

the way early life stage aquatic invertebrates have been studied (in terms of response 

parameters and sound exposures) in comparison to adults and 2) existing knowledge 

gaps regarding the impact of noise on aquatic invertebrates. 

2.2.1 - Methods 

To illustrate the trends (in life stages studied, sound exposures used, and response 

parameters measured) in the study of underwater sound and how sound affects early 

aquatic invertebrate life stages and how these studies fit into the current body of 

literature, an ISI Web of Science database query was carried out on 27th August 2021, 

using the same methods as in section 2.1.1. However, this time a single search term was 

used: 

(marine OR ocean OR aquatic OR freshwater) AND (sound OR noise OR 

acoustic) AND (invertebrate) 

Bibliographic data was downloaded and categorised into studies that focused on 

adults or early life stages. Early life stages were defined as any stage from the point of 

egg fertilisation to the end of the juvenile phase. 

The studies that were found to consider early life invertebrates and underwater 

sound will be critically analysed. 
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The search term generated 476 results, after removal of irrelevant papers, 37 

papers remained. 

2.2.2 – Results 

When viewed as a comparison between adult and early life, underwater sound 

effect studies on aquatic invertebrates have given greater consideration to adults than 

early life stages. A total of 14 studies (38% of total studies) have been conducted on 

early life invertebrates, compared to 23 (62% of total studies) on adults (Figure 2.3). No 

studies have focused on both adults and early life invertebrates. 

 

 

 

 

When the noise sources utilised, and response parameters tested, are analysed in 

more detail, it furthermore becomes clear that early life stages have been researched 

with different goals in mind when compared to adults. 
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Figure 2.3 Trends in adult versus early-life aquatic invertebrate underwater sound 

effect research since 2010.  
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Figure 2.4 The type of sound exposure used in adult versus early-life aquatic invertebrate 

underwater sound effect research since 2010. Generated noise means a synthetic sound e.g. a 

pure-tone sine wave or white noise. Adult n = 23, early life n = 14. 

Figure 2.5 The type of response parameter tested in adult versus early-life aquatic 

invertebrate underwater sound effect research since 2010. AEP = Auditory evoked 

potential (an electrical brain signal produced in response to acoustic stimulation). CPUE 

= Catch per unit effort. Adult n = 23, early life n = 14. 
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In general adult invertebrates have been exposed to anthropogenic and 

synthetically generated noise (Figure 2.4), to test for: 1) auditory responses, which 

could be stereotypical behaviours (Mooney et al., 2016) or neurological (Jézéquel et al., 

2021); 2) noise disrupted behaviour such a reduced foraging (Jones et al., 2021; Purser 

and Radford, 2011); 3) noise induced impacts on physiology such as increased oxygen 

consumption (Aimon et al., 2021; Wale et al., 2013a) and 4) the potential for high 

amplitude impulsive sound to cause direct mechanical injuries (Day et al., 2019, 2020; 

Solé et al., 2013a,; 2013b) (Figure 2.5). 

In contrast, early life invertebrates have been subjected by researchers to different 

sound sources, with different response parameters measured. In general, most early life 

invertebrates have been tested for responses to natural habitat-associated sounds (64% 

of studies). Researchers have been interested in testing for the way sounds affect:  

1) The settlement rate of planktonic larvae (43% of studies), where free-swimming 

larvae move from the water column to the substrate to begin benthic or sessile 

juvenile or adult stages (Lillis et al., 2013, 2015). 

2) The orientation of free swimming larvae towards or away from the sound source 

(21% of studies) (Vermeij et al., 2010). 

3) Foraging and swimming behaviour (21% of studies) (Aimon et al., 2021). 

4)  Developmental success (14% of studies) (de Soto et al., 2013). 

5) Physiology, such as oxygen consumption (1 study equating to 7%) (Aimon et al., 

2021). 
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Only one study (Day et al., 2016) considered the potential for noise to manifest 

impacts on marine invertebrates across life history stages. This study exposed egg-

bearing Jasus edwardsii (Hutton, 1875) females to seismic air gun pulses and found no 

subsequent effects on the number, morphology, energy content and competency of 

hatched larvae (Day et al., 2016). 

Of all studies returned by the literature search, only one focused on an early life 

stage freshwater invertebrate (Villalobos et al., 2017), with the remaining articles 

reporting on marine species. 

 

2.3 - Discussion 

Clear trends in the invertebrate noise effect research field have been identified. 

Not only are early life invertebrates less researched with regard to underwater sound in 

comparison to their adult counterparts (comprising 38% of search results), but they have 

also been researched in different ways. The justified excitement over the discovery that 

natural habitat-associated sound can both orient invertebrate larvae (Sal Moyano et al., 

2021; Vermeij et al., 2010) and promote settlement (Jolivet et al., 2016; Lillis et al., 

2013; Pine et al., 2016; Stanley et al., 2012, 2015) has caused the research field to tip in 

favour of pursuing this type of research. This has left two major knowledge gaps to a 

great extent unaddressed for early life invertebrates in comparison to adults, presented 

in the following section 
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2.3.1 – Knowledge gaps 

2.3.1.1 – Knowledge gap 1 

How do invertebrate larvae respond to ship or boat sound, akin to some of 

the most prevalent noise pollution sources in the medium to long term? Our 

contemporary North-East Atlantic, to give an example, with increasingly busy shipping 

lanes (Farcas et al., 2020; Merchant et al., 2016) and growing areas planned to lease for 

offshore renewable developments (Myhr et al., 2014; Nedwell and Howell, 2004; 

Watson et al., 2019) is inhabited by a wide range of commercially and ecologically 

important temperate invertebrate species that have not yet been tested for early life 

sensitivity to noise exposure. Many of these species may be subject to chronic or 

repeated exposures to anthropogenic noise during early life phases as they drift as 

plankton through shipping lanes, or are deposited as sessile eggs adjacent to a noise-

producing offshore installation in its construction or operational phase. 

2.3.1.2 – Knowledge gap 2 

Only one study (Day et al., 2016), has so far considered the potential for noise to 

manifest impacts on aquatic invertebrates across life history stages, and this study 

exposed a single life stage (eggs) to noise, rather than repeating the noise exposure at 

later larval stages. Hence, the following knowledge gaps remain: Does exposure of 

larvae to noise affect the responses of juveniles and adults to subsequent 

exposures?  Does a noise impacted mother transfer effects to her offspring? 

Answering this type of question is now being considered of vital importance to gaining 

a holistic understanding of how a stressor impacts on organisms in the long term that 

acute impact studies cannot provide (see (Bell and Hellmann, 2019; Dupont et al., 2013; 

Ellis et al., 2020)).  
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2.3.2 – Overarching hypotheses 

The work reported in this thesis will address the identified knowledge gaps 

(section 2.3.2) by testing the following experimental hypotheses (see below) on a 

taxonomically diverse group of 5 aquatic invertebrate species under controlled 

laboratory conditions. The hypotheses are generated based on the starting position that 

exposure to anthropogenic noise playbacks will elicit a ‘stress’ type response in the 

subject animal. Stress is often defined and measured differently according to the level of 

biological organisation (e.g. physiological vs psychological). However, in general 

terms, stress occurs when a biological control system detects a failure to control a 

fitness-critical variable (Del Giudice et al., 2018). The response of the biological control 

systems to stress can include both feedback (reactive) and feedforward (anticipatory) 

components, and the interplay of these can result in wide-ranging responses. Remaining 

cognisant of the fact that stress responses can manifest a wide range of resultant 

biological changes, depending on the make-up of the neuro-endocrine systems involved 

and the specific ways in which they are activated, an example of how the starting 

position of noise-induced stress leads to predictions of downstream response parameters 

is as follows: Noise → Stress → Increased Respiration → Decreased energetic 

investment into growth → Delayed development. Or to give another example: Noise → 

Stress → Behavioural change → Reduced larval settlement. 
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The experimental hypotheses to be tested in this thesis are as follows: 

H1: Underwater noise will increase the oxygen consumption of the exposed early life 

stages of the study species  

(chapters 3 and 5) 

H2: Underwater noise will delay the development of the exposed early life stages of the 

study species 

(chapters 3, 4 and 7) 

H3: Underwater noise will reduce the survival of the exposed early life stages of the 

study species 

(chapters 3 – 7) 

H4: Underwater noise will increase oxidative stress biomarker levels of the exposed 

early life stages of the study species  

(chapter 3) 

H5: Underwater noise will change the behaviour of the exposed early life stages of the 

study species 

(chapters 3 and 6) 

H6: Underwater noise will reduce the larval settlement rate of the exposed early life 

stages of the study species 

(chapter 6) 

H7: Underwater noise will reduce reproductive output/fecundity of the exposed early 

life stages of the study species  

(chapter 7) 
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Chapter 3 

Effects of anthropogenic noise on the early life stages of 

Nephrops norvegicus 

Abstract: 

Anthropogenic noise can negatively affect marine invertebrate behaviour and 

physiology. Most research has focused on adults, with no studies previously exploring 

the effects of the ship motor no ise on planktonic crustacean larvae. This study 

investigated the responses of larval Norway lobster Nephrops norvegicus (L.) to 

playbacks of ship noise in the laboratory. N. norvegicus larvae (zoea stages I, II and III) 

were reared individually in acoustically transparent cups and exposed to three different 

sound treatments using underwater speakers (n = 83 larvae for each group): ‘Busy’ 

treatment, consisting of frequent ship noise playback (totalling 12 hours of noise 

exposure per 24 hours); ‘Occasional’ treatment, consisting of less frequent ship noise 

playback (totalling 3 hours of noise exposure per 24 hours) and ‘Ambient’ treatment, 

consisting of constant ambient sound exclusive of any ship noise (Control). Both ‘Busy’ 

and ‘Occasional’ groups showed significantly delayed development (3.36% and 4.39% 

delays respectively) compared to ambient sound controls. Juveniles reared under ship 

noise had reduced escape response stamina (‘Busy’ and ‘Occasional’ stamina 

significantly reduced by 33.3% and 45.9% respectively), demonstrating that noise 

impacts carry over to later life stages. Acute ship noise exposure caused increased 

(25.9%) oxygen consumption in naïve larvae, whereas noise pre-exposed larvae 

decreased (-13.1%) oxygen consumption in response to noise playbacks. Taken 

together, these findings suggest that anthropogenic noise elicits physiological responses 

in N. norvegicus that lead to developmental impacts over multiple exposures, carrying-

over to juvenile life stages. 
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3.1 - Introduction 

Since the industrial revolution, human activities in the marine environment have 

led to an increase in underwater noise. Low-frequency sound levels (10 – 500 Hz), have 

increased by at least 100-fold globally over the last century (Hildebrand, 2009). This is 

predominantly caused by growing numbers of large commercial vessels and seismic 

surveys (Ross, 2005). This increase in ambient sound levels was first suggested to be 

potentially harmful to marine fauna in 1971, with concern over its impacts on long-

range baleen whale communication (Payne and Webb, 1971). Since then, the effects of 

underwater noise on marine fauna have been increasingly studied, with the majority of 

effort focused upon marine mammal and fish species (Williams et al., 2015). 

Invertebrates, including crustaceans, have received far less attention in comparison; the 

effects of anthropogenic noise on this large and diverse taxonomic group remains 

largely unclear (Morley et al., 2014; Popper and Hawkins, 2016; Williams et al., 2015). 

Recently, marine noise has become recognised internationally as a pollutant of 

importance in legislation such as the European Commission Marine Strategy 

Framework Directive (Borja et al., 2010; Tasker et al., 2010; Van der Graaf et al., 

2012). There is therefore an imperative to increase the ability of this type of legislation 

to effectively manage noise levels in relation to invertebrates, by improving knowledge 

of what noise sources are of relevance, their ranges of effect and the species of concern. 

Studies focusing on direct mechanical damage of high energy impulsive sounds 

on adult invertebrates have reported mixed results, even within the same species. Acute 

exposure of adult snow crab Chionocetes opilio (O. Fabricius, 1788) to seismic survey 

pulses (received sound pressure levels: 197-220 dB re: 1 µPa (zero-peak)) in the field 

caused no significant mechanical damage to hepatopancreas, heart, ovary or statocyst 

tissues (Christian et al., 2003). In contrast, the seismic pulses caused bruised 

hepatopancreas and ovary tissue to adult C. opilo in a different location (received 
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pressure levels not reported) (DFO, 2004). Larvae of the dungeness crab (Cancer 

magister (Dana, 1852) ) exposed to a single airgun pulse (230.9 (±1.0) dB peak-peak re: 

1 µPa) from a seven gun array showed no changes in developmental time or mortality 

compared to a control group (156 to 168 dB peak-peak re 1 µPa), suggesting a 

resistance of crustacean larvae to high amplitude impulsive sound (Pearson et al., 1994). 

It should be noted however, that received levels in the control group were particularly 

high in the Pearson et al. study (1994), and caution should be applied in attempts to 

extrapolate this apparent resilience to other crustacean species.  

Whilst the amplitude is lower than impulsive noise pollution sources such as 

pile-driving or seismic surveys, shipping noise is the most ubiquitous anthropogenic 

noise source and is the dominant contributor to ambient sound levels in shallow-water 

areas near shipping lanes surrounding the UK (Harland et al., 2005). Whilst no direct 

lethal effects of continuous noise such as shipping have been reported for crustaceans, 

sub-lethal behavioural and physiological effects on Decapoda have been reported in a 

range of species; adult Nephrops norvegicus (L.) is reported to exhibit repressed 

burying and bioirrigation behaviour and reduced locomotion activity in response to ship 

sound playbacks (received sound pressure levels: 135–140 dB re: 1 µ Pa (rms)) (Solan 

et al., 2016). Increased metabolic rates of adult brown shrimp, Crangon crangon (L.), in 

response to increased ambient sound levels (+25 dB µbar-1) and of adult shore crabs 

Carcinus maenas (L.) in response to ship noise playbacks (148–155 dB rms re: 1 µPa) 

have also been reported (Regnault and Lagardere, 1983; Wale et al., 2013a).  

Most decapod crustaceans pass through multiple planktonic life stages before 

reaching adulthood and exhibit r-strategist reproductive traits, with an initial larval 

abundance that vastly outnumbers the adult population but low larval survival 

(MacArthur and Wilson, 1967; Parry, 1981). For this reason it has been suggested that 

early life stages act as a population bottleneck for species with a larval stage, and any 
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stressor that affects larval survival has the potential to cause significant consequences at 

the population level (Byrne, 2011). Despite this, no studies to date have assessed the 

potential effects of elevated levels of continuous shipping noise - the most widespread 

anthropogenic noise - on the development of crustacean larvae.  

Shellfish are historically the UK’s most valuable (£/tonne) fishing resource 

(Dixon et al., 2017), with N. norvegicus commanding the second highest price per tonne 

(£3270) of any fished species in 2016. In 2016, 30,900 tonnes of N. norvegicus were 

landed in the UK, with a value of £100.8 million at first sale, accounting for 31% of the 

value of total UK shellfish landings. 

In Scottish waters, female N. norvegicus matures at a carapace length of 21-34 

mm, whilst males mature at 29-46 mm (Tuck et al., 2000). Mating usually occurs over 

the summer months, after which fertilised eggs are extruded onto the female’s pleopods, 

where they are incubated over the winter until larval hatching occurs March-June 

(Powell and Eriksson, 2013). Hatching occurs at night over a period of successive days 

(5 – 20), with dozens to several hundred larvae being released each evening. Females 

exit their burrows and adopt a hatching posture similar to H. gammarus, whereby they 

raise their tails and beat their pleopods to expel newly hatched larva into the water 

column (Smith, 1987).  

 N. norvegicus passes through 3 planktonic larval stages (ZI, ZII and ZIII) before 

settling to the benthos and metamorphosing into the first post-larval stage (PL1) 

(Johnson and Johnson, 2013; Powell and Eriksson, 2013; Smith, 1987) ( Figure 3.1). 

Whilst PL1 is benthic, and exhibits adult-like morphological characteristics, it is not 

considered to be a true juvenile until its subsequent moult to stage V (Powell and 

Eriksson, 2013). Any deleterious impacts during the early life history of this species are 

likely to have critical importance for the reproductive success and recruitment of the 

population as a whole (Ligas et al., 2011; Sinclair and IIles, 1989). Adult N. norvegicus 
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exhibit burrowing behaviour and spend the majority of time in tunnel systems (Solan et 

al., 2016); their distribution is therefore restricted to areas with muddy substrate suitable 

for burrows (Lordan et al., 2013). Based on N. norvegicus presence data, Lordan, Power 

and Johnson (2013) were able to produce a habitat suitability model using mean annual 

bottom temperature, salinity, oxygen, mean depth and mean annual surface chlorophyll 

(Figure 3.2). The core habitat range of this model closely aligns with the most popular 

shipping routes, with most core habitat coinciding with routes that received over 

625,000 unique vessel passages in 2017 (based on MarineTraffic data available at: 

www.marinetraffic.com) (Figure 3.3). The pelagic stage of N. norvegicus can last 

approximately 7 weeks, depending on water temperatures (Hill, 1990; Powell and 

Eriksson, 2013), meaning that developing larvae are likely to spend much of their time 

in close proximity to passing marine vessels and the low frequency noise they produce. 

Here, the effect of repeated exposure to ship noise playbacks on i) the survival 

and developmental duration of each N. norvegicus zoea stage (ZI, ZII and ZIII), ii), the 

tail-flip escape response stamina of PL1 stage iii) oxidative stress biomarkers in PL1 

stage and iv) the oxygen consumption of naïve (never having received experimental 

noise playbacks) versus pre-exposed ZI, ZII and ZIII zoea is investigated. The control 

playback treatment is compared to two different ship playback regimes: i) ‘Busy’, with 

a higher frequency of ship sound occurrences than would likely be experienced by 

larvae in the wild and ii)’Occasional’, with a lower frequency of ship noise occurrences 

that is more representative of feasible real-world ship noise exposure scenario. 

 

http://www.marinetraffic.com/
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Figure 3.1. Morphology of the zoeal stages I-III (ZI,ZII,ZII) and the first post-larval 

stage (PL1) of developing Nephrops norvegicus (L.), adapted from drawings by 

Jorgenson (1925). Measurements are average distances from the anterior rostrum tip 

to the posterior caudal tip, not including the forked caudal appendages found in ZI-

ZIII. 

ZII 
9.0mm 

ZIII 
11.6mm 

PL1 
15.5mm 

ZI 
6.5mm 



Chapter 3  | 78 
 

  E. L. Bolger 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 MAXENT habitat suitability model for Nephrops norvegicus (L.) based 

on the following predictor variables: mean annual bottom temperature, salinity, 

oxygen, mean depth and mean annual surface chlorophyll. AUC=0.953. Figure 

sourced from (Lordan et al., 2013). MAXENT = maximum entropy presence-only 

species distribution model. AUC = area under the curve. 

Figure 3.3 Density map of marine traffic routes in the North-East Atlantic during 

2017. Based on AIS data from all vessel types. Legend refers to the number of 

distinct vessels on a daily basis and count positions per km2 calculated each day 

over the 2017 period. Data sourced from: https://www.marinetraffic.com/. AIS = 

Automatic Identification System (as adopted by the International Maritime 

Organization). 

https://www.marinetraffic.com/
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3.2 - Materials and methods 

Analysis of developmental duration, survival, tail-flick escape response and 

oxidative stress biomarkers were conducted on a larval cohort from spring/summer 

2017.  Oxygen consumption microrespirometry experiments were carried out using a 

new cohort of larvae in summer 2018. Unless otherwise stated, the following 

broodstock, hatching and larval maintenance procedures were followed for 2017 and 

2018 experiments. 

3.2.1 - Broodstock 

Berried female N. norvegicus were landed at Eyemouth, Scotland (N 55.872008, 

E -2.087435) in March and were immediately transported to St Abbs Marine Station (N 

55.898774, E -2.130516) where they were maintained in rectangular tanks (dimensions: 

1600 mm x 1030 mm x 400 mm, 432 L volume) on a continuous flow-through system 

at ambient seawater temperature (7.41 ± 0.5 OC) and salinity 33.98 ± 0.3 ppt. Stocking 

density was 10 per tank. The tanks contained a 10 cm layer of sandy substrate to allow 

natural burrowing behaviour and were dimmed constantly with 75% shade netting. The 

broodstock was fed frozen cooked mussel (Mytilus edulis (L.)) ad libitum twice weekly, 

removing any uneaten food after each feeding session. This diet has previously been 

used to successfully rear berried N. norvegicus to larvae hatching (Rotllant et al., 2001). 

In preparation for larval hatching, the berried females were separated into individual 

cylinder-conic upweller tanks (20 L water volume, dimensions: top diameter 300 mm, 

depth of cylindrical section 150 mm, depth of conical section 150 mm), with a PVC 

tube to emulate a burrow shelter, shade netting over the tank surface (75% shade rating) 

and a mesh fitted to prevent escape of released larvae through the outflow, as in Rotllant 

et al. (2001). The upweller tanks were also connected to the flow-through system. To 

keep disturbance at a minimum, females were fed a frozen mussel weekly, with any 
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uneaten food removed at each feeding session. The conical tanks were checked at 10:00 

each morning for hatched stage I zoeae (ZI). 

3.2.2 - Hatching 

3.2.2.1 - 2017 

On 22 May, two females began the hatching process. Each day, during the 

period 11:00-12:00, all hatched larvae were transferred to individual rearing chambers 

in the sound exposure set-up using a wide-mouthed pipette. Hatched ZI larvae on a 

given day were distributed equally between 3 sound treatment tanks (Busy, Occasional 

and Ambient). Sound treatment tank dimensions were 1600 x 1030 x 690 mm, with a 

volume of 837 L. On the 10th day of hatching, all 83 rearing cups in each sound 

treatment tank were occupied with a single ZI larva. Each of the two females 

contributed larvae to 50% of the rearing cups. 

3.2.2.2 - 2018 

On 20th July, another two females began the hatching process. Again, each day, 

during the period 11:00-12:00, all hatched larvae were transferred to individual rearing 

chambers in the sound exposure set-up using a wide-mouthed pipette. Hatched ZI larvae 

on a given day were distributed equally between 2 sound treatment tanks (Occasional 

and Ambient). Again, sound treatment tank dimensions were 1600 x 1030 x 690 mm, 

with a volume of 837 L.  On 6th day of hatching, all 83 rearing cups in each sound 

treatment tank were occupied with a single ZI larva. Each of the two females 

contributed larvae to 50% of rearing cups. 

3.2.3 - Larval maintenance 

A 100% water change was carried out every three days by gently pipetting each 

larva into a new rearing vessel with fresh UV sterilised seawater of the same 
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temperature. Larvae were fed Artemia salina (L.) nauplii enriched with highly 

unsaturated fatty-acid (HUFA) enrichment solution (ZM Fish Food (2017)) ad libitum 

at a density of 60 nauplii per individual larva per day; this food-type has been shown to 

promote the greatest survival in laboratory rearing conditions (Rotllant et al., 2001). 2 

ml of evenly mixed enriched A. salina suspension was pipetted into each rearing cup, 

ensuring no variation in feed levels occurred between cups. The order of feeding for 

each sound treatment group was randomised daily and all larvae were fed within a 15-

minute period.  

3.2.4 - Experimental set-up and design 

Each larva was reared individually in an acoustically transparent polypropylene 

food-grade disposable drinking cup, in 180 ml of UV sterilised seawater (Cup 

dimensions: top diameter 75 mm, height 100 mm and bottom diameter 45 mm). All 

rearing cups were suspended in an 837 L water-bath with dimensions 160 x 103 x 69 

cm. The tank was connected to a continuous flow-through system, thereby maintaining 

ambient seawater temperatures in rearing chambers. Temperature differences between 

water bath tanks were never more than 0.1 oC. Inflow pipes were positioned sub-surface 

to avoid additional ambient sound from falling water. Surface seawater in the cups was 

exposed to the air, allowing gas exchange whilst preventing water mixing between cups. 

The cup bases rested on a rigid plastic mesh tray with 10 mm2 openings allowing 

greater flow for temperature regulation and minimising interference with sound wave 

propagation. 84 cups were contained within the tray, 83 were occupied by a single ZI 

larva (giving an initial n = 83 for each sound treatment group), whilst the 84th cup 

contained a 64k temperature logger (www.onsetcomp.com/products/data-loggers/ua-

002-64) (Accuracy ± 0.53°C from 0° to 50°C), set to log every 5 minutes for the 

duration of the experiment. 440 mm below the centre of the tray and 100 mm above the 

tank base, a free-hanging DiluvioTM underwater speaker was suspended, facing 

http://www.onsetcomp.com/products/data-loggers/ua-002-64
http://www.onsetcomp.com/products/data-loggers/ua-002-64
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upwards. A total of 3 adjacent tanks were set up in this way, each receiving a different 

sound treatment (Busy, Occasional or Ambient) (Figure 3.4). For 2018 respirometry 

experiments, due to time constraints on the maximum number of respirometry trials able 

to be run within a given day, the sound treatment tanks were reduced to 2: Occasional 

and Ambient. The Busy treatment was removed as it had the least similarity to a ‘real-

world’ sound exposure scenario and the ‘Occasional’ treatment has already been 

demonstrated to be sufficient to affect the measured response parameters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Polystyrene rearing cup filled with 

UV sterilised seawater. Each cup 

contains 1 larva. At t0 , n=83 

Water bath connected to flow-

through system to maintain ambient 

temperatures 

Diluvio
TM

 

underwater 

speaker 

Support tray 

Figure 3.4. Experimental set-up for the rearing and sound exposure of larval 

Nephrops norvegicus (L.). The water bath tank had dimensions 1600 x 1030 x 690 

mm. Rearing vessel support tray dimensions were 1200 x 600mm. The Diluvio 

underwater speaker was free hanging, 100mm above the tank base and 490mm 

below the support tray. Both the support tray and the underwater speaker were 

centrally located on the x-y plane of the tank base. Rearing vessels on the shorter 

edges of the support tray were 200mm from the nearest tank side, whilst rearing 

vessels on the long edge of the support tray were 215mm from the nearest tank side. 

A total of 84 polystyrene cup rested on the support tray. At t = 0, 83 cups contained 

a single ZI larva in 180ml of UV sterilised seawater, with a single cup containing an 

Onset HOBO temperature/light logger. 
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3.2.5 - Sound recordings and playback design 

Using the Ableton Live Suite software and an M-Audio M-Track Quad, 3 

separate audio channels were played from a single Lenovo Thinkpad laptop (Playback 

sample rate: 96 kHz). Each audio track output from the M-Track Quad was routed 

through a Samson Servo 300 2 x 150 W amplifier to a DiluvioTM underwater speaker 

(Frequency Response 20 Hz – 17 kHZ). Three experimental groups were compared 

using a combination of ambient and ship noise recordings from three major UK ports 

((A) Gravesend, (B) Plymouth and (C) Portsmouth), originally recorded by Sophie 

Nedelec (University of Exeter) and Irene Voellmy (University of Bristol) (Wale et al., 

2013a, 2013b) . At each location, during a single day, recordings were made of both 

ambient sound and the sound generated by a single passing ship at approximately 200 m 

distance. The ships recorded at each location were: (A) Gravesend: Rio de la Plata, a 

286 m long, 64730 tonne container ship, (B) Plymouth: Bro Distributor, a 146 m long, 

14500 tonne LPG tanker and (C) Portsmouth: Commodore Goodwill, a 126 m long, 

5215 tonne ferry. Ship travel speed was relatively low and remained approximately 

constant for the duration of recordings (<10 knots). For hydrophone and recorder 

specifications and calibration information, see: (Wale et al., 2013a, 2013b).  

The Ambient group received playbacks of ambient sound recordings; this group 

served as the control in this experiment. Ambient sound, rather than silence was chosen 

in order to ensure that any differences observed in ship noise playback groups compared 

to the ambient group were solely due to the ship sound component of the playback. As 

there were 3 recording locations, 3 ambient tracks (2 hrs each) were used in the 

treatment and were cycled between randomly for the duration of the experiment. The 

Occasional group received playbacks of 15 minutes of ship noise (including a 1-minute 

fade-in and fade-out), interspersed within 1h45 of corresponding ambient sound 

recording from the same location, repeated for the duration of the experiment. The 
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positioning of the 15-minute ship noise block within this 2-hour period could occur at 0 

mins, 30 mins, 60 mins, 105 mins. These 4 ship/ambient combinations were created for 

each recording location (A, B and C) giving a total of 12 possible 2-hour sound 

playback files for the Occasional group; these 12 playback files were cycled between 

randomly (Figure. 3.5). The Busy group received 15 minutes of ship noise followed by 

15 minutes of corresponding ambient sound recorded from the same location, repeated 

for the duration of the experiment. As there were 3 recording locations, there were 3 30-

minute Busy sound tracks that were cycled between randomly. All experimental tracks 

were compiled in Audacity 2.1.3 (http://audacity.sourceforge.net/) and exported as 24-

bit WAV files for playback. 

The structuring of ship sound in the Occasional and Busy groups allowed the 

comparison of a lower-frequency (in terms of rate of exposure events), randomised 

exposure regime (Occasional), with a higher-frequency, regular regime (Busy). 

The power spectral density (PSD) pressure levels received by the larvae were 

measured in the rearing cups directly above the DiluvioTM speaker and in two cups that 

were furthest away from the speaker with a HTI-94-SSQ hydrophone (sensitivity of -

165 dB re: 1 V/µPa) with a frequency response of 2 Hz to 30 kHz, recording to a 

calibrated Roland R-26 digital recorder at a sample rate of 96 kHZ. Sound recordings 

were stored as 24-bit WAV files. The recorder was calibrated using a signal generator 

and oscilloscope. This recording system was also used in the locations described above 

outside of the cups, to assess the acoustic transparency of the HDPE cup material. 

Recordings were also made to assess background noise levels in each tank. Each 

recording was 30 s in length. 

Particle acceleration (also measured in rearing cups) was measured using a 

custom-built, calibrated sensor (Sensitivity: 6.6 mV/(m/s2) developed by the Aquatic 

Noise Research Group at Edinburgh Napier University (Wale, 2017). This 

http://audacity.sourceforge.net/
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accelerometer was chosen due to it’s small size, allowing recordings to be taken in 

small tanks and rearing vessels. The sensor was calibrated by exposing it to vibrations 

of known frequency and amplitude (50, 60, 70, 80, 90, 100 Hz at 1 and 2 Vpp, and 50 

Hz at 3, 4, 5, 6, 7, 8, 9, 10 Vpp) on a Controlled Vibration EDP-2424 24 Inch Platform 

shaker (Crowson Technology, Santa Barbara, California, USA). The response of the 

sensor was then compared to a reference accelerometer with a known calibration curve 

(Brüel & Kjær 4508B, Sensitivity 10 mV ms-2, Spectral Noise <343 (μm s-2)√Hz-1 

@100Hz, Brüel & Kjær, Nærum, Denmark). The accelerometer output was recorded 

with a Roland R-26 24-bit recorder. Particle acceleration was recorded separately for all 

three axes and combined for a single analysis of total acceleration. 

Power spectral density graphs were produced in Matlab R2017a using the 

PAMGuide software package for pressure (Merchant et al., 2015) and paPAM software 

package for particle acceleration. PSD analyses were conducted on 30 second 

recordings. The Hann window type was used, with window length of 1 second, 50% 

window overlap and Discrete Fourier Transformation length of 48 kHz. Root mean 

square (rms) sound levels were used for comparisons. Ambient group sound recordings 

were taken whilst ship noise playback was occurring in Busy and Occasional tanks 

confirming there was no sound transference between tanks.  

During ship noise playbacks, there was a peak of 140dB re: 1 µPa2 Hz-1 at 747 

Hz and 147dB re: 1 µPa2 Hz-1 at 1590 Hz in the rearing cups of the Busy group. There 

were peaks of 144dB re: 1 µPa2 Hz-1 at 395 Hz; 140dB re: 1 µPa2 Hz-1 at 747 Hz; 

143dB re: 1 µPa2 Hz-1 at 915 Hz and 142dB re: 1 µPa2 Hz-1 at 1566 Hz in the rearing 

cups of the Occasional group. There were peaks of 116dB re: 1 µPa2 Hz-1 at 120 Hz and 

97dB re: 1 µPa2 Hz-1 at 1562 Hz in the rearing cups of the Ambient group (Figure 3.6). 

During ship noise playback, there was a particle acceleration peak of 102.4dB re: 

(1 µm s-2)2 Hz-1 at 64 Hz, 98.6dB re: (1 µm s-2)2 Hz-1 at 703 Hz and 99dB re: (1 µm s-2)2 
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Hz-1 at 747 Hz in the rearing cups of the Busy group. There were peaks of 101.5dB re: 

(1 µm s-2)2 Hz-1 at 63 Hz, 95.8dB re: (1 µm s-2)2 Hz-1 at 571 Hz and 100.1dB re: (1 µm 

s-2)2 Hz-1 at 748 Hz in the rearing cups of the Occasional group. There were peaks of 

89.7dB re: (1 µm s-2)2 Hz-1 at 250 Hz and 91.63dB re: (1 µm s-2)2 Hz-1 at 600 Hz in the 

rearing cups of the Ambient group (Figure 3.7). 
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Figure 3.6 Power spectral density plots showing RMS levels (dB re: 1µPa2 Hz-1) 

received by developing Nephrops norvegicus (L.). Recordings were taken inside 

rearing cups in A) Busy B) Occasional and C) Ambient treatment groups. In each 

treatment, recordings were taken directly above the speaker (blue line) and at the 

furthest cups from the centre moving directly right (pink line) and left (red line). 

DFT length: 48kHZ, recording lengths 30s, Hann window length: 1s. 
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Figure 3.7 Power spectral density plots showing RMS particle acceleration levels 

(dB re: (1µm s-2)2 Hz-1) received by developing Nephrops norvegicus (L.). 

Recordings were taken inside rearing cups in A) Busy B) Occasional and C) Ambient 

treatment groups. In each treatment, recordings were taken directly above the speaker 

(blue line) and at the furthest cups from the centre moving directly right (pink line) 

and left (red line). DFT length: 48kHZ, recording lengths 30s, Hann window length: 

1s. 
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3.2.6 - Data collection 

3.2.6.1 - Survival and Developmental Stage Duration 

Each rearing cup was visually assessed daily for mortality or moulting of the 

larvae. Transitions between larval stages were clearly observable with the naked eye as 

there were distinct changes size and morphology and exuviae were clearly visible. 

Mortality was defined as no observable movement of the larvae for 10 seconds followed 

by a further 10 seconds of no movement following gentle agitation of the rearing cup 

water. 

3.2.6.2 - Tail-flip escape response 

PL1 (Figure 3.1) stage N. norvegicus of the same age post moulting (14 days 

post-moult) were removed from cups and placed in a circular experimental arena filled 

with UV seawater at the same temperature as the rearing cups. The arena had matte 

sides and was placed away from noise disturbances and movement. After 5 minutes 

acclimatisation, a plastic rod was placed ~1 cm anterior of the rostrum to elicit a ‘tail-

flip’ escape response (Newland and Neil, 1990), and then immediately removed. The 

process was repeated following the completion of each ‘tail-flip’ response (5 seconds 

with no tail-flip) until exhaustion (no tail-flip response to 5 consecutive stimuli). All 

experimental runs were recorded with a DSLR camera located directly above the 

circular arena and the number of tail flip responses till exhaustion was compared 

between treatment groups. The same number of individuals from each treatment were 

analysed in a single day. The experiment took place from 25th May - 13th July 2017. 

The trial was blind, in that the person conducting the experiment did not know the 

treatment group of the individual. 
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3.2.6.3 - Respirometry 

Respirometry trials were conducted at the ZI, ZII and ZIII larval stages. In each 

trial, all larvae were the same age in terms of days post-moult (dpm) or in the case of 

ZI: days post hatching (dph). ZI larvae were tested at 5 dph, ZII at 5 dpm and ZIII at 5 

dpm. Respirometry measurements were carried out with the Unisense 

Microrespirometry System (Unisense S/A, Aarhus, Denmark). Briefly, for each 

experimental run, 4 larvae cups were removed from a single rearing tank (ship pre-

exposure or control) and placed in a temperature control room (set to ambient seawater 

temperature). The cups were left to stand for 10 minutes to allow any slight temperature 

differences between cup water and control room to equilibrate. Each larva was then 

transferred to a glass microrespirometry chamber (2 ml at ZI, 4 ml at ZII and ZIII) filled 

with UV sterilised seawater, sealed with a ground glass stopper and placed in a 

submerged rack in a water-bath tank. A control chamber, with UV sterilised seawater 

only, was added to the rack to measure O2 consumption associated with the seawater 

alone. Lights in the temperature control room were dimmed and all sides of the water 

bath tank were covered in black felt to ensure larvae were not startled by movement or 

shadows. 

Each chamber was equipped with a capillary pore (400 µm diameter), allowing 

an oxygen microsensor to be lowered directly into the chamber itself. The pores had a 

sufficiently small diameter to ensure gas and liquid exchange was negligible (Unisense 

S/A, Aarhus, Denmark). The oxygen microsensor was calibrated at the experimental 

temperature, using a two-point calibration curve with endpoints of 0% and 100% O2 

saturation; 0% oxygen saturation was achieved using a saturated solution of sodium 

dithionate (Na₂S₂O₆) and 100% saturation was achieved by bubbling air through UV 

sterilised seawater for 15 mins. Each chamber was equipped with a glass coated mini-

stirrer rotating at 800rpm to prevent the formation of oxygen gradients. Larvae were 
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prevented from making contact with the stirrer with a stainless steel mesh divider atop a 

glass cylinder. Individual stirrer heads were located within the chamber rack and 

produced no heat. 

Larvae were acclimated in the water bath tank for 5 minutes before beginning an 

acute sound playback exposure (ship or ambient). Once sound exposure began, the 

oxygen microsensor was lowered into the first chamber and allowed to equilibrate 

before sampling for 10 seconds at a rate of 1 sample s-1. The oxygen microsensor was 

then immediately lowered into the adjacent chamber where the 10 s sampling run was 

repeated. Each chamber was sampled for oxygen in this way 5 times, with an interval of 

5 minutes between each 10 second sampling session. This gave an experimental time of 

20 minutes 50 seconds for each chamber. 

3.2.6.4 - Oxidative stress 

At 10 days post-moult, stage IV N. norvegicus (1st  juvenile stage) were removed 

from the sound exposure system, immediately immersed in liquid nitrogen and stored at 

-80 oC until further analysis. Each larva was homogenized with 1:5 vol. of buffer (Tris–

HCl 50 mM, 0.15 M KCl, pH 7.4), and centrifuged at 10,000 g for 20 min. The 

supernatant was extracted and used in all subsequent assays. All assay absorbance 

readings were taken in an Spectramax M5 Multi-Mode Microplate Reader (Molecular 

Devices, Sunnyvale, CA, USA. Total glutathione (GSH) and thiobarbituric acid reacting 

substances (TBARS) assays were performed following the methodology of (Smith et 

al., 2007), which is now a standard methodology for ecotoxicology studies on aquatic 

invertebrates, as these molecules are highly conserved across taxa in terms of structure 

and function (Al-Shaeri et al., 2013; Gajda-Meissner et al., 2020). All other Catalase 

(CAT) and Glutathione peroxidase (GPx) assays were completed using the Cayman 

Chem Catalase Assay Kit (Item no. 707002) and Gluathione Peroxidase Kit (Item no. 

703102). For superoxide dismutase (SOD), the Sigma-Aldrich SOD Determination Kit 
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(Item no. 19160) was used. For detailed oxidative stress standard operating procedures, 

see appendix A. 

3.2.7 - Statistical analyses 

3.2.7.1 - Developmental Stage Duration 

Mean values (± Standard Error (SE)) for the duration (days) of stages ZI, 

ZII,ZIII and overall zoeal development (ZI + ZII  + ZIII) were calculated for each sound 

playback group (Busy, Occasional, Ambient) and displayed graphically. As stage 

duration data did not meet parametric assumptions (assessed using Shapiro-Wilk and 

Bartlett tests), differences between median duration values were assessed using 

Kruskal-Wallis rank sum tests followed by post-hoc Wilcoxon rank sum tests with 

continuity correction. 

3.2.7.2 - Survival 

Chi-square comparisons were carried out with 2x3 contingency tables with 

survival (survived and died) as rows and sound playback group (busy, occasional and 

ambient) as columns to determine whether there is an overall association of sound 

playback group and survival. Pairwise chi-square tests were also carried out with 2x2 

contingency tables for each sound playback group combination to test for survival 

differences between specific treatment groups. 

The time-dependent mortality rates of different groups were determined using a 

Kaplan-Meier survival analysis in Graphpad Prism 6.01. A post-hoc log-rank (Mantel-

Cox) test was used to compare mortality rates between groups. 

3.2.7.3 - Tail-flip escape response 

Mean values (± SE) for the number of tail-flip responses until exhaustion (RTE) 

were calculated for each sound playback group (Busy, Occasional, Ambient) and 
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displayed graphically. As RTE data met parametric assumptions (Shapiro-Wilk test, W 

= 0.93, p = 0.054; Bartlett test, K2
(2) = 2.93 , p = 0.23), differences in mean RTE values 

between sound treatment groups were assessed using a one-way ANOVA test. 

3.2.7.4 - Oxidative stress 

For all assays where data met parametric assumptions, a one-way ANOVA test 

was used to compare mean assay values between each sound playback group (Busy, 

Occasional, Ambient), otherwise Kruskal-Wallis testing was used to compare median 

assay values. 

3.2.7.5 - Respirometry 

A linear regression of oxygen concentration (µMol L-1) decrease for each larval 

chamber minus the linear regression for the blank chamber (UV filtered seawater only) 

gave the oxygen consumption rate (OCR) (µMol L-1 h-1) for each larva during the acute 

sound exposure. R2 values for oxygen consumption regressions were always greater 

than 0.95. 

The independent factors of sound pre-exposure, acute sound exposure and zoeal 

stage on mean OCR were assessed using a three-way ANOVA. Where significant main 

effects or effect interactions were found, post-hoc Tukey HSD pairwise testing was used 

to determine differences between each factor combination group. Data was tested for 

normality using a Shapiro-Wilk normality test. All statistical analyses were carried out 

in R version 3.2.4 (R Core Team, 2017). 
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3.3 - Results 

3.3.1 - Developmental Stage Duration  

 Developmental stage duration was assessed for overall zoeal development (ZI 

+ ZII + ZIII) and for each individual zoeal stage (ZI, ZII and ZIII) in 2017 and 2018. 

 

3.3.1.1 - 2017  

 There were significant differences in total zoeal duration between sound 

treatment groups in 2017 (Kruskal-Wallis rank sum test:  Χ2 (2) = 13.57, p = 0.001). 

Both the Busy and Occasional groups had a significantly longer total zoeal duration 

than the Ambient group (Wilcoxon rank sum test, W = 1996, p = 0.03 and W = 2100, p 

< 0.01 respectively). Total zoeal duration in the Occasional group was delayed by 1.36 

(4.39% prolonged development) days compared to the Ambient group. The Busy sound 

group larval duration was delayed by 1.04 days compared to the Ambient sound group 

(3.36% prolonged development) (Figure 3.7). There was no significant difference 

between the Busy and Occasional groups. This overall delay in Busy and Occasional 

groups compared to the Ambient group was not observed consistently throughout 

development: there were no significant differences in ZI stage duration between sound 

groups (Kruskal-Wallis rank sum test: 2017, Χ2 (2) = 2.62, p = 0.27; 2018, Χ2 (1) = 0.80, 

p = 0.37) (Figure 3.7). Differences in duration were found at ZII stage in 2017 (Kruskal-

Wallis rank sum test: Χ2 (2) = 7.46, p = 0.02); The busy group had a significantly longer 

ZII stage than the Occasional and Ambient groups (Wilcoxon rank sum test, W = 3101, 

p = 0.01 and W = 2327.5, p = 0.02 respectively) (Figure 3.7) and was 0.44 days longer 

than the Ambient group (a delay of 5.03%) (Table 3.1). Differences in duration were 

also found at ZIII stage (Kruskal-Wallis rank sum test: Χ2 (2) = 15.07, p < 0.01). 

However, it was the Occasional group that had a significantly longer ZIII stage than the 
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Busy and Ambient groups (Wilcoxon rank sum test, W = 1465, p < 0.01 and W = 

2118.5, p < 0.01 respectively) (Figure 3.7) and was 0.90 days longer than the Ambient 

group (a delay of 7.22%) (Table 3.1). The number of larvae transitioning between 

stages, and the timing of the transitions, from hatching (ZI) to the first postlarval stage 

(PL1) for all sound treatments over the duration of the experiment is displayed in Figure 

3.13. 

3.3.1.2 - 2018 

 The Occasional ship sound treatment once again caused increased total zoeal 

development duration (Kruskal-Wallis rank sum test: Χ2 (1) = 11.01, p < 0.001), with a 

1.11 day delay (3.74% prolonged development) compared to the Ambient group. In 

accord with the observed delays in 2017, the Occasional group’s delay did not occur 

until stage ZIII, where there was a 0.86 day delay (6.95%) (Kruskal-Wallis rank sum 

test: Χ2 (1) = 26.92, p < 0.001) (Figure 3.8). 
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Figure 3.8 Mean (± SE) duration (days) of each planktonic zoeal stage (ZI-ZIII) and 

hatching to the first post-larval stage (PL1) of Nephrops norvegicus (L.) in response to 

different ship sound playback treatments. Equal letters indicate statistically homogeneous 

groups (p > 0.05) calculated using a Kruskall-Wallis test followed by post-hoc Wilcoxon 

rank sum tests with continuity correction. 
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Figure 3.9 Mean (± SE) duration (days) of each planktonic zoeal stage (ZI-ZIII) and 

hatching to the first post-larval stage (PL1) of Nephrops norvegicus (L.) in response to 

different sound playback treatments (ship noise and ambient). Equal letters indicate 

statistically homogeneous groups (p > 0.05) calculated using a Kruskall-Wallis test followed 

by post-hoc Wilcoxon rank sum tests with continuity correction. 
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3.3.2 - Tail-flip escape response 

 Sound treatment group had a significant effect on the mean number of tail-

flick responses until exhaustion (RTE) of 14 days post-moult PL1 stage N. norvegicus 

(One-way ANOVA, F(2,27) = 6.463, p = 0.005). 

Mean RTE in the Busy and Occasional group was significantly reduced by 33.3% and 

45.9% respectively when compared to the Ambient group (Tukey HSD tests, p < 0.05) 

(Figure 3.9, Table 3.2), but Busy and Occasional were not significantly different (Tukey 

HSD test, p = 0.61). It should be noted that while the RTE value of 43 in the Ambient 

group appears to be an extreme value, this value is not an error, as the total number of 

responses on the video recording is clear to observe, but if removed, the difference 

between Busy and Ambient becomes marginally insignificant (p = 0.1), whilst the 

difference between Occasional and Ambient remains clear (p = 0.008). The 2nd highest 

RTE value in the Ambient group was 31. 

 

 

 

 

 

 

 

 

 

 

0

5

10

15

20

25

30

Busy Occasional Ambient

M
e

an
 n

u
m

b
e

r 
o

f 
ta

il-
fl

ic
k 

re
sp

o
n

se
s 

u
n

ti
l e

xh
au

st
io

n

Sound treatment

b

Figure 3.10 Mean (± SE) number of tail-flick responses of the first post-larval stage 

(stage PL1) Nephrops norvegicus (L.) before exhaustion in response to different 

ship sound playback treatments. Equal letters indicate statistically homogeneous 

groups (p > 0.05) calculated using a one-way ANOVA. N = 10 larvae per sound 

treatment group. 
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3.3.3 - Survival 

 In 2017, developing N. norvegicus had increased mortality overall (hatching to 

PL1 stage) in the Ambient sound playback group compared to the Occasional and Busy 

groups (Χ2
(1) = 3.92, p = 0.048 and Χ2

(1) = 9.38, p = 0.002 respectively), with 59%, 75% 

and 82% of the initial 83 individuals reaching PL1 stage in Ambient, Occasional and 

Busy groups, respectively (Table 3.3) compared to 70% and 76% in Occasional and 

Ambient groups in 2018 respectively (Figure 3.10B). These overall differences were 

predominantly caused by a higher mortality rate during the ZI stage in in the Ambient 

sound playback group compared to Occasional and Busy groups (Figure 3.10). This 

Ambient mortality rate was significantly higher than the Busy group (Χ2
(1) = 4.42, p = 

0.035) but marginally insignificant compared to the Occasional group (Χ2
(1) = 3.48, p = 

0.062). Significant differences in mortality were no longer observed throughout ZII and 

ZIII development (Χ2
(2) = 5.65, p = 0.059 and Χ2

(2) = 4.21, p = 0.12 respectively) (Figure 

3.11). The increase in mortality rate in the Ambient group during ZI predominantly 

occurred between 4 and 8 days post-hatching (Figure 3.12). 

 

 

 

 

 

Sound 

Group 

Initial 

N 

Success to PL1 

(%) 

ZI Success 

(%) 

ZII Success 

(%) 

ZIII Success 

(%) 

Busy 83 82 90 95 96 

Occasional 83 75 89 97 86 

Ambient 83 59 77 88 88 

Table 3.3 Survival (%) of Nephrops norvegicus (L.) from hatching to the first post-

larval stage (PL1) and at each planktonic zoeal stage (ZI to ZIII) in response to 

different ship sound playback treatments in 2017. 



Chapter 3  | 104 
 

  E. L. Bolger 

A g e  ( d a y s )

P
e

r
c

e
n

t
 s

u
r

v
iv

a
l

0 2 0 4 0 6 0

0

5 0

1 0 0

B u sy

O c c a s io n a l

A m b ie n t

A g e  ( d a y s )

P
e

r
c

e
n

t
 s

u
r

v
iv

a
l

0 1 0 2 0 3 0 4 0

0

5 0

1 0 0

O c c a s io n a l

A m b ie n t

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11. Kaplan-Meier survival curves of Nephrops norvegicus (L.) in A) 2017 

and B) 2018from hatching to the first post -larval stage (PL1) in response to 

different ship sound playback treatments. % values refer to initial n = 83 larvae in 

each sound group. Results of a log-rank test for differences between curves is 

displayed. 

χ2= 8.613, df = 2, p = 0.014 
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Figure 3.12. Survival (%) of Nephrops norvegicus (L.) from hatching to the first 

post -larval stage (PL1) and at each zoeal stage (ZI to ZIII) in response to different 

ship sound playback treatments. % values of the ZI and hatching to PL1 stages refer 

to initial n=83 larvae in each sound group, while for ZII and ZIII each stage value is 

related to the initial n of surviving zoea from the previous stage.  Equal letters 

indicate statistically homogeneous groups (p > 0.05) calculated using Chi-square 

tests 
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Figure 3.13. Survival (%) and development of Nephrops norvegicus (L.) larvae 

through successive zoeal stages from hatching (ZI) to the first post-larval stage 

(PL1) in different ship sound playback treatments. (n initial = 83 larvae per 

treatment, % values post-ZI relate to the initial n = 83). Data displayed until 38 days 

post hatching when no ZIII larvae remained. 
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3.3.4 - Oxidative stress 

To assess whether noise exposure throughout larval development causes a build-

up of reactive oxygen species (ROS) in the first juvenile stage, a suite of oxidative 

stress endpoint biomarkers was assayed: SOD, CAT, GPx, GSH and TBARs. The SOD, 

CAT, GPx, GSH and TBAR assays did not reveal significant differences in oxidative 

stress as a result of noise playback exposure (Kruskal-Wallis χ2
(2) = 2.25, p = 0.33 

(SOD); One-way ANOVA F(2,25) = 1.03, p = 0.37 (CAT); One-way ANOVA F(2,24) = 

0.53, p = 0.60 (GPX); One-way ANOVA F(2,26) = 0.75, p = 0.48 (GSH); One-way 

ANOVA F(2,26) = 0.61, p = 0.55 (TBAR)). 

3.3.5 - Respirometry 

There was a significant main effect of zoeal stage on the OCR (3-way ANOVA, 

F(2,108) = 26.17, p < 0.001), with ZII larvae consuming more oxygen than ZI (p < 0.001) 

and ZIII (p < 0.001) larvae (Figure 3.14). The only interaction observed was a highly 

significant crossover interaction between the factors ‘pre-exposure’ and ‘acute 

exposure’ (3-way ANOVA, F(1,108) = 26.64, p < 0.001). For this reason, zoeal stage was 

removed as a factor and Tukey HSD pairwise comparisons for each ‘pre-exposure’ and 

‘acute exposure’ combination were conducted, averaged across all zoeal stages. Naïve 

larvae (having never received experimental ship noise playbacks) consumed 25.9% 

more oxygen when subjected to ship noise (p < 0.001). In contrast, pre-exposed larvae 

consumed 13.1% less oxygen when subjected to a further acute ship noise exposure (p = 

0.038) (Table 3.4, Figure 3.14). Pre-exposed larvae consumed 17.3% more oxygen than 

naïve larvae under control conditions (p = 0.014). 
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Figure 3.14. Mean (± SE) oxygen consumption rate (µmol L
-1

 h
-1

) of zoea stages I,II 

and III N. norvegicus averaged across all sound treatments (acute ship noise and 

control groups of both naïve and pre-exposed larvae). * indicates significantly different 

groups (p < 0.05)
 
calculated using a three-way ANOVA followed by Tukey HSD 

pairwise testing. N = 40 larvae for each zoeal stage group. 
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Figure 3.15. Mean (± SE) oxygen consumption rate (µmol L
-1

 h
-1

) of naïve and pre-

exposed N. norvegicus averaged across all zoea stages (ZI, ZII and ZIII). Grey and 

white bars indicate an acute ship noise playback exposure and a control ambient sound 

playback exposure respectively. Equal letters indicate statistically homogeneous 

groups (p > 0.05) calculated using a three-way ANOVA followed by Tukey HSD 

pairwise testing. N = 30 larvae for each sound treatment group. 
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3.4 - Discussion 

Playbacks of ship sound significantly increased total N. norvegicus zoeal 

development time in both Occasional and Busy sound treatment groups, whilst also 

decreasing escape response stamina in the first post-larval stage. Our controlled 

laboratory experiment therefore suggests that anthropogenic noise has the potential to 

negatively impact decapod crustaceans.  Evidence for reduced developmental success 

has been reported for gastropod species in response to playbacks of outboard boat motor 

sound in the field (Nedelec, Radford, et al., 2015), whilst developmental delays and 

body malformations have been reported for Bivalvia sp. in response to playbacks of 

seismic survey pulses (de Soto et al., 2013). This is the first study, to our knowledge, to 

find direct evidence of negative effects of continuous (as opposed to impulsive) 

anthropogenic sound, characteristic of real-world ship sound, on the larvae of a decapod 

crustacean. This is further evidence that marine invertebrates, a taxonomic group with 

significant economic and ecological value (forming an integral component of marine 

food webs) (Anderson et al., 2011), are worthy of further study in terms of fitness 

consequences of anthropogenic noise exposure during early life. 

The stage duration and tail-flick escape results both suggest a cumulative 

deleterious effect of ship sound playbacks on early life stage N. nephrops. The delays in 

development changed depending on ontogenetic stage: in 2017 a 5.03% delay 

(compared to Ambient) in the Busy group at ZII was followed by a 7.22% delay 

(compared to Ambient) in the Occasional group at ZIII. This Occasional group delay at 

ZIII was replicated in the 2018 experiment (3.74% delay compared to Ambient). This 

suggests that whilst the more frequent exposure (15 mins noise, 15 mins ambient) to 

ship noise playbacks was able to reduce developmental speed of larvae as early as ZII in 

the Busy group, by the time ZIII was reached the Busy group had developed tolerance 

to the regular timing of exposure, whilst the Occasional group delay was due to the 
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cumulative effect of exposure to a less frequent (15 mins within a 2h period) but 

randomised ship noise playback exposure regime. Put simply, it is not only the 

frequency of occurrence, but also the randomness of timing of noise exposure that can 

affect the developmental rate of N .norvegicus larvae. When exposure to a stressor 

(physical, chemical or perceived) is repeated, animals could either increase their 

tolerance (where repeated stimulations cause increased tolerance levels and reduced 

responses over time) or conversely, sensitize (where repeated stimulations cause 

decreased tolerance levels and increased responses over time) (Bejder et al., 2009). If 

viewed in isolation, the developmental delay results would suggest that the Busy group 

had increased tolerance at ZIII compared to the Occasional group. However, both noise 

groups showed reduced escape response stamina in comparison to controls at stage IV 

(1st juvenile stage), demonstrating that some negative effects are retained beyond the 

duration and survival of larval stages. Future noise playback experiments with marine 

invertebrates should not only consider the intensity levels of played back sounds, but 

also the levels of randomisation and frequency of occurrence. In fish and mammalian 

species, habituation, sensitisation and no difference have all been reported when 

comparing effects of regular and randomised noise exposure regimes, highlighting the 

difficulties when trying to extrapolate findings between species and different noise 

sources (Galhardo et al., 2011; Kastelein et al., 2017; Nedelec, Simpson, et al., 2015; 

Neo et al., 2014; Prior, 2002). 

Whilst the developmental delays reported here at first seem relatively subtle, the 

corresponding stamina reductions were not. If similar effects were to occur in a natural 

setting, larvae would spend an additional ~1 day in the water column, vulnerable to 

predation by planktivores. Those larvae that survived to PL1 stage and settled to the 

benthos would then face additional predatory challenges due to their impaired escape 

response stamina. Juvenile shore crabs Carcinus maenas exposed to ship noise 
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playbacks over an eight week period exhibited similar reductions in the frequency and 

intensity of antipredator responses (Carter et al., 2020). 

Unexpectedly, in 2017, mortality was higher in the Ambient group overall when 

compared to the other sound treatment groups. When viewed per stage, it became clear 

that an increased mortality at ZI stage was the predominant cause of this overall 

difference, as significant differences in mortality were not found at ZII and ZIII stages. 

This mortality rate difference should be treated with caution, as it was not replicated in 

2018 experiments. 

The release of ROS, if not controlled by antioxidant defence systems, leads to 

oxidative stress (Abele and Puntarulo, 2004). This is known to occur in marine 

invertebrates as a result of exposure to environmental toxins, thermal stress and UV 

light exposure (Donaghy et al., 2015; Lesser, 2006), and more recently as a response to 

ship noise playbacks in blue mussel Mytilus edulis gill tissue (Wale et al., 2019). Wale 

et al. (2019) attributed the increased TBARs in gill tissue of noise exposed adult 

M.edulis to noise-induced metabolic stress and related oxidative radicals. Evidence of 

oxidative stress in N. norvegicus larvae was not found in this study however. The extent 

to which metabolism-associated ROS leak across mitochondrial membranes into the 

cytoplasm remains unclear for most marine invertebrates, both in basal and metabolic 

stress scenarios, and is likely linked to species life history-strategy and the localised O2 

saturation of typical habitat (Abele and Puntarulo, 2004). As adult N. norvegicus lives 

in muddy burrows prone to hypoxic conditions (Johnson and Johnson, 2013), its larvae 

may be metabolically adapted to cope well with challenging O2 scenarios. Chronic (8 

day) exposure to oxygen saturation as low as 7% has been shown to have no effect on 

N. norvegicus embryonic survival (Eriksson et al., 2006). It may therefore be the case 

that noise-induced changes in aerobic respiration do not translate to meaningful changes 
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in antioxidant defence systems in N. norvegicus as its baseline state is sufficient to cope 

with wide-ranging metabolic demands. 

Naïve N. norvegicus larvae exposed to playbacks of ship noise responded with an 

increased OCR which is indicative of increased energy expenditure, either through 

increased movement or upregulated metabolism. Wale et al. (2013) found that shore 

crabs exposed to playbacks of ship noise (148– 155 dB rms  re: 1 μPa (received level)) 

consume 67% more oxygen compared to those exposed to ambient sound playbacks 

(108–111 dB rms re: 1 μPa (received level)). Individuals exposed to repeated ambient 

playbacks consumed more oxygen with each additional playback (likely due to handling 

stress), whereas those exposed to repeated ship noise playbacks showed no change in 

oxygen consumption over time. Wale et al. (2013) suggested ship noise exposed crabs 

may become habituated or tolerant over time, thereby counteracting the increased 

oxygen consumption observed in repeatedly tested ambient sound exposed crabs. In 

contrast to the aforementioned study and a range of studies concerning vertebrates  

(Harding et al., 2018; Radford, Lèbre, et al., 2016; Radford, Purser, et al., 2016), our 

respirometry results do not suggest an increase in tolerance in response to repeated ship 

noise exposures. If the N. norvegicus larvae were to develop tolerance, pre-exposed 

larvae would be expected to show a reduced OCR increase compared to naïve larvae in 

response to ship noise, trending towards no change in OCR as the number of ship noise 

exposures increases (Neo et al., 2014). In actuality, pre-exposed larvae exhibited the 

opposite response to naïve larvae in response to ship noise, namely a reduced OCR. 

This demonstrates that rather than tolerating/habituating to repeated ship noise 

exposures, N. norvegicus larvae modify their response strategy. This is strong 

experimental evidence that crustacean larvae not only respond to noise, but that these 

responses can change after multiple exposures. An increase in energy expenditure in 

response to imminent danger is costly to the individual, but clearly advantageous if it 
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allows for increased predator escape likelihood or maintenance of homeostasis in sub-

optimal environmental conditions. However, if a ‘danger signal’ (in this case ship noise) 

in fact poses no risk to the individual, N. norvegicus larvae may be able to ‘learn’ this 

after repeated exposures and modify their response accordingly, thereby conserving 

energy for other vital functions. In the case of N. norvegicus this modified response 

involves reducing oxygen consumption. A decrease in activity in response to ship noise, 

whilst likely beneficial in terms of energy conservation, could result in increased 

predation risk or reduced feeding and growth. This offers an explanation for the 

eventual developmental delays observed in Occasional group ZIII larvae. 

An important conclusion to draw from these results, is that if replicated in the 

field, N. norvegicus larvae in busy shipping areas exposed to multiple instances of ship 

noise would begin to exhibit the opposite OCR response to each subsequent ship 

passage than would be predicted by a short-term single exposure experiment. This 

highlights the vital importance of repeat exposure experiments when studying the 

impacts of noise pollution sources that animals will likely experience numerous times in 

the field, otherwise erroneous predictions regarding potential impacts on wild 

populations could be made. This laboratory-based study allowed this longer-term repeat 

exposure approach to be undertaken with small planktonic larvae, measuring effects at 

the level of the individual; an approach that would be highly challenging in the field. 

The findings of this study must however be interpreted with care; since ship 

sounds were produced using an underwater speaker to playback ship sound recordings 

rather than a real boat, and experiments took place in tanks rather than the free-field 

sound environment of the open ocean where sounds propagate with minimal 

interference. Whilst care was taken to match peak sound pressure levels in the 

experimental tanks to levels likely to be experienced from a passing ship in the field, 

reflections from tank boundaries can cause small-scale variations in received sound 
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levels. However, received levels of pressure and particle motion are reported here for 

reproducibility and our primary aim was to determine for the first time whether repeated 

exposures to continuous low-frequency noise can affect the key early life stages in a 

commercially and ecologically important UK invertebrate species. Future research in a 

field setting would be an interesting avenue for building on our results and determining 

precise sound thresholds and effect ranges.  If continuous low-frequency anthropogenic 

noise, such as shipping noise, does indeed prolong development, reduce stamina and 

alter oxygen consumption of early life stage N. norvegicus in the field, then not only 

does this have significant commercial implications for the recruitment to, and 

productivity of this valuable stock in an environment that is getting progressively louder 

(Ross, 2005), but it also highlights the need to resolve the extensive knowledge gap 

relating to the effects of continuous low frequency sound on early life Decapods in 

general. If stakeholders and decision makers are to assess the economic and 

environmental consequences (or lack thereof) of introduced anthropogenic noise, this 

knowledge gap must be addressed. 
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Chapter 4 

Effects of anthropogenic noise on the early life stage 

development of Homarus gammarus 

Abstract: 

Homarus gammarus (L.) is a commercially and ecologically important fishery 

species found throughout the eastern Atlantic, with a habitat preference for shallow 

(<50 m) waters and hard substrate. We now know that anthropogenic noise can 

negatively affect marine invertebrate behaviour and physiology, but there is currently no 

information regarding the responses of early life H. gammarus to man-made noise. As 

in chapter 3, newly hatched H. gammarus larvae were reared individually in 

acoustically transparent cups and exposed to three different sound treatments using 

underwater speakers (n = 83 larvae for each group): ‘Busy’ treatment, consisting of 

frequent ship noise playback (totalling 12 hours of noise exposure per 24 hours); 

‘Occasional’ treatment, consisting of less frequent ship noise playback (totalling 3 hours 

of noise exposure per 24 hours) and ‘Ambient’ treatment, consisting of constant 

ambient sound exclusive of any ship noise (Control). The survival and larval stage 

duration of H. gammarus larvae were compared between sound treatments. Ship noise 

playbacks had no effect on larval stage duration or survival. This highlights the fact that 

noise impact research findings cannot reliably be extrapolated between species, even 

those within the same family, as different results were observed with closely related N. 

norvegicus larvae (see chapter 3). Due to low survival rates across all treatments at the 

third zoeal stage, sample sizes for stage 3 larvae were greatly reduced and follow-on 

experiments with juvenile lobsters were not possible. 
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4.1 – Introduction 

The European lobster Homarus gammarus (L.) is commonly found throughout the 

eastern Atlantic. Its distributional range extends from north Norwegian fjords 

Tysfjorden and Nordfoldanorthern, down throughout the coastal regions of western 

Europe to Morocco in the south (Hayward and Ryland, 2017). There are also resident 

populations in the Mediterranean Sea and the Black Sea (Triantafyllidis et al., 2005). H. 

gammarus has been observed in depths of up to 150 m but prefers the shallower waters 

of the continental shelf at depths of <50 m. Adult specimens prefer hard substrate, 

living in natural crevices in the rock and emerging at night to feed. Adults are solitary 

and highly territorial. They are opportunistic carrion scavengers, as well as actively 

preying on small benthic crustaceans, molluscs and polychaetes (National Lobster 

Hatchery, 2021).  

Female H. gammarus reach sexual maturity at 5-7 years old, at a total carapace 

length of 75-85 mm (Lizárraga-Cubedo et al., 2003). Mating usually occurs over the 

summer months between a hard-shelled male and a newly moulted soft-shelled female. 

The female can retain the sperm until egg-laying, at which point the eggs are fertilized 

as they are extruded onto the underneath of the abdomen among the pleopods. The 

female will carry the eggs for 9-12 months and is colloquially said to be ‘berried’ or a 

‘berried hen’ at this stage. As embryos develop and consume the egg yolk, the eggs 

progressively change in colour from olive-green, to black and finally to an orange-red 

colour before hatching. Hatching occurs over a period of several nights, when the 

female will raise her tail and release thousands of planktonic stage 1 larvae (zoeae) into 

the water column.  
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The planktonic H. gammarus zoeae are opportunistic feeders, consuming both 

phytoplankton and zooplankton as they drift with ocean currents for approximately 5 – 

10 weeks. During this period, they will transition through three morphologically distinct 

zoeal stages (ZI, ZII and ZIII), with a moult occurring at each stage transition. Larvae 

undergo a final moult at the end of the 5-10 week period at which point the life-cycle 

phase of the lobster switches from planktonic zoea to benthic juvenile (Figure 4.3). This 

transition in life phase is accompanied with a substantial change in morphology, with 

claws and tail moving from a free hanging ventral position below the cephalothorax, to 

move upwards in line with the anterior-posterior axis (Figure 4.3). The planktonic 

period of H. gammarus from hatching to juvenile is critical to recruitment to the adult 

population; it has been estimated that only 0.005% of newly-hatched lobsters survive 

the planktonic phase to reach the benthic phase and this acts as a bottleneck for 

population growth (Ellis et al., 2015). Little is known about the early benthic phase of 

juvenile H. gammarus, individuals with a carapace length below 15 mm are rarely 

observed in the wild, leading to suggestions that they lead sedentary lives in burrows in 

the sediment for approximately 2 years, before leaving and seeking out appropriate hard 

substrate for adult life. 

H. gammarus is a fished species with a longstanding commercial importance. In 

2019, 3,400 tonnes of lobster were landed in the UK with a value of 46.5 million GBP 

(Marine Management Organisation, 2021). Shellfish species, including H. gammarus, 

are forming an increasingly important component of the fishing economy. Over the last 

eighty years, pelagic and demersal landings have decreased by 50% and 80% 

respectively. In contrast landings of shellfish have increased by over 300%, from 32 

thousand tonnes to almost 140 thousand tonnes in 2019 (Marine Management 

Organisation, 2021). This has been driven in part by the lack of landing quotas for 

shellfish species (excluding Nephrops norvegicus). As finfish stocks decreased, and 
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subsequent management measures restricted opportunities to fish for demersal and 

pelagic fish, it is likely that the fleet has diversified into the shellfish sector to take 

advantage of the lack of restrictions on fishing opportunities. 

H. gammarus possesses an array of superficial ‘hair-fan’ receptor organs across 

the entirety of its outer cuticle, involved in hydrodynamic reception (Laverack, 1962, 

1963; Tazaki, 1977). It also has statocyst receptor systems (internal organs to co-

ordinate taxis), particularly at the base of the antennules (Cohen, 1955) and chordotonal 

organs (involved in substrate vibration detection) at the joints of their appendages . All 

of these sensory systems have been suggested to have the potential for a role in the 

detection of waterborne acoustic waves (Budelmann, 1992). H. gammarus males 

produce low frequency (100-200 Hz) ‘buzzing’ sounds during agonistic encounters, by 

rapidly contracting internal muscles located at the base of the second antennae, causing 

their carapaces to vibrate. This buzzing has been suggested to be a form of 

communication, although this is currently unverified (Jézéquel et al., 2020). The rate of 

buzzing calls produced by H. gammarus males during agonistic encounters increases in 

the presence of shipping noise (Jézéquel et al., 2021), suggesting that these males may 

be compensating due to the acoustic masking of their buzzing sounds. Unpublished PhD 

thesis work suggests that adult European lobsters actively avoid a noise source in a tank 

in both winter and summer, but to a lesser degree in winter, in which the biological 

drive to seek shelter seemed to override avoidance of acoustic disturbance (Matthew 

Wale, personal communication). Ship noise playbacks have also been shown to cause 

increased oxygen consumption and reduced foraging behaviour in other adult decapod 

crustaceans (Wale et al., 2013a, 2013b). Spiny lobsters Palinurus elephas have been 

documented to increase both locomotion and stress-related haemolymphatic 

bioindicators such as glucose, total proteins, Hsp70 expression and THC in response to 

boat noise playbacks in a laboratory setting (Filiciotto et al., 2014). 
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Given the evidence that adult decapods, including H. gammarus, can both detect 

and be negatively impacted by underwater sound, and given the ship noise playback 

impacts observed for N. norvegicus larvae (see chapter 3 of this thesis), H. gammarus 

larvae were well suited as a candidate species to further explore the potential impacts of 

anthropogenic noise on early life stage decapods. 

The aim of this study was to recreate the sound exposure conditions utilised in 

chapter 3 to assess the impacts, if any, of ship noise playbacks on the development and 

survival of newly hatched H. gammarus larvae. 

4.2 – Materials and methods 

4.2.1 - Broodstock 

Berried female H. gammarus were landed at St Abbs harbour, Scotland 

(55.898545, -2.128635) in June 2017 and were immediately transported to the St Abbs 

Marine Station where they were maintained in rectangular tanks (432 L volume) on a 

continuous flow-through system at ambient seawater temperature. Stocking density was 

1 female per tank. The tanks contained a 10 cm layer of sandy substrate and large rocks 

to allow natural sheltering behaviour. The broodstock was fed cooked mussel ad libitum 

twice weekly, removing any uneaten food after each feeding session. Fine nylon mesh 

was fitted over tank outflows to ensure any released larvae were retained within the 

broodstock tank. Tanks were checked daily at 10:00 for hatched stage I zoeae. 

4.2.2 – Hatching 

On 17th  May, one female began the hatching process. Each day, during the 

period 11:00-12:00, all hatched larvae were transferred to individual rearing chambers 

in the sound exposure set-up using a wide-mouthed pipette. Hatched ZI larvae on a 

given day were distributed equally between 3 sound treatment tanks (Busy, Occasional 

and Ambient). On 2nd  day of hatching, all 83 rearing cups in each sound treatment tank 

were occupied with a single ZI larvae. 
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4.2.3 – Larval maintenance 

Larval maintenance was carried out exactly as described in section 3.2.3. 

4.2.4 - Experimental set-up and design 

Experimental set-up and design was exactly as described in section 3.2.4. 

4.2.5 - Sound recordings and playback design 

Sound recordings and playback design were exactly as described in section 3.2.5. 

During ship noise playback, there was a sound pressure peak of 115dB re: 1 µPa2 

Hz-1 at 747 Hz and 122dB re: 1 µPa2 Hz-1 at 1587 Hz in the rearing cups of the Busy 

group. There were peaks of 118dB re: 1 µPa2 Hz-1 at 395 Hz; 111dB re: 1 µPa2 Hz-1 at 

746 Hz; 115dB re: 1 µPa2 Hz-1 at 915 Hz and 115dB re: 1 µPa2 Hz-1 at 1566 Hz in the 

rearing cups of the Occasional group. There were peaks of 101dB re: 1 µPa2 Hz-1 at 20 

Hz and 70.3dB re: 1 µPa2 Hz-1 at 1565 Hz in the rearing cups of the Ambient group 

(Figure 4.1). 

During ship noise playback, there was a particle acceleration peak of 102dB re: (1 

µm s-2)2 Hz-1 at 60 Hz, 99dB re: (1 µm s-2)2 Hz-1 at 702 Hz and 99dB re: (1 µm s-2)2 Hz-1 

at 747 Hz in the rearing cups of the Busy group. There were peaks of 102dB re: (1 µm s-

2)2 Hz-1 at 59 Hz, 98.7dB re: (1 µm s-2)2 Hz-1 at 702 Hz and 98.2dB re: (1 µm s-2)2 Hz-1 

at 747 Hz in the rearing cups of the Occasional group. There were peaks of 88.95dB re: 

(1 µm s-2)2 Hz-1 at 250 Hz and 91.11dB re: (1 µm s-2)2 Hz-1 at 600 Hz in the rearing cups 

of the Ambient group (Figure 4.2). 
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Figure 4.1. Power spectral density plots showing RMS sound pressure levels (dB re: 

1µPa2 Hz-1) received by developing Homarus gammarus (L.). Recordings were taken 

inside rearing cups in A) Busy B) Occasional and C) Ambient treatment groups. In 

each treatment, recordings were taken directly above the speaker (blue line) and at 

the furthest cups from the centre moving directly right (pink line) and left (red line). 

DFT length: 48 kHz, recording lengths 30 s, Hann window length: 1 s. 
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Figure 4.2 Power spectral density plots showing RMS particle acceleration levels 

(dB re: (1µm s-2)2 Hz-1) received by developing Homarus gammarus (L.). Recordings 

were taken inside rearing cups in A) Busy B) Occasional and C) Ambient treatment 

groups. In each treatment, recordings were taken directly above the speaker (blue 

line) and at the furthest cups from the centre moving directly right (pink line) and left 

(red line). DFT length: 48 kHz, recording lengths 30 s, Hann window length: 1 s. 
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4.2.6 - Data collection 

4.2.6.1 - Survival and Developmental Stage Duration 

Each rearing cup was visually assessed daily for mortality or moulting of the 

larva. Transitions between stages were clearly observable with the naked eye as there 

were distinct changes size and morphology and exuviae were clearly visible (Figure 

4.3). Briefly, Stage I larvae were characterized by the absence of abdominal appendages 

(pleopods). Pleopods first appear at stage II but are not functional as swimmerets at this 

stage, the rostrum also becomes more pronounced. At stage III the pleopods are further 

developed and uropods develop adjacent to the telson, forming the distinctive ‘tail fan’ 

seen in adult lobsters. At stage IV, the chelae and tail reposition from a free hanging 

ventral position below the cephalothorax, upwards to move in line with the anterior-

posterior axis. The antennae are also considerably developed at this stage and project in 

an anterior direction beyond the chelae. 

Mortality was defined as no observable movement of the larvae for 10 seconds 

followed by a further 10 seconds of no movement following gentle agitation of the 

rearing cup water. 
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Figure 4.3 Morphology of the zoeal stages I-III and the first juvenile stage (IV) of 

developing Homarus gammarus (L.), adapted from drawings by Nichols and Lawton 

(1978). Morphological features used to differentiate between stages are labelled. 



Chapter 4  | 136 
 

  E. L. Bolger 

4.2.7 - Statistical analyses 

4.2.7.1 - Developmental Stage Duration 

Mean values (± Standard Error (SE)) for the duration (days) of stages I, II, III 

and overall zoeal development (I + II + III) were calculated for each sound playback 

group (Busy, Occasional, Ambient) and displayed graphically. As stage duration data 

did not meet parametric assumptions (assessed using Shapiro-Wilk and Bartlett tests), 

differences between median duration values were assessed using Kruskal-Wallis rank 

sum tests followed by post-hoc Wilcoxon rank sum tests with continuity correction. 

4.2.7.2 - Survival 

Chi-square comparisons were carried out with 2x3 contingency tables with 

survival (survived and died) as rows and sound playback group (busy, occasional and 

ambient) as columns to determine whether there is an overall association of sound 

playback group and survival. Pairwise chi-square tests were also carried out with 2x2 

contingency tables for each sound playback group combination to test for survival 

differences between specific treatment groups. 

The time-dependent mortality rates of different groups were determined using a Kaplan-

Meier survival analysis in Graphpad Prism 6.01. A post-hoc log-rank (Mantel-Cox) test 

was used to compare mortality rates between groups. 
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4.3 - Results 

4.3.1 - Developmental Stage Duration 

There were no differences in stage duration between sound groups at stage I 

(Kruskal-Wallis: X2
(2) = 2.74, p = 0.25) or stage  II (Kruskal-Wallis: X2

(2) = 2.45, p = 

0.29). There was also no significant difference in duration at ZIII (Kruskal-Wallis: X2
(2) 

= 3.04, p = 0.22), although sample size was small at this stage due to high mortality in 

the transition from stage III to stage IV (1 stage IV individual remaining in Busy, 4 in 

Occasional and 6 in Ambient) (Figure 4.4). 

4.3.2 - Survival 

No significant differences were detected in survival between sound groups at 

stage I (X2
(2) = 2.05, p = 0.36), stage II (X2

(2) = 2.29, p = 0.32) or stage III (X2
(2) = 3.60, p 

= 0.17). A Chi-squared test was not conducted for differences in total larval duration 

(hatching to stage IV) due to the low number of individuals that successfully completed 

larval development (1 stage IV individual remaining in Busy, 4 in Occasional and 6 in 

Ambient) (Figure 4.5, Figure 4.6). It was possible to compare survival over total larval 

development using fitted Kaplan-Meier curves and a Mantel-Cox log-rank test, which 

was marginally insignificant (χ2
(2) = 5.63, df = 2, p = 0.06) (Figure 4.7). 
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Figure 4.4 Mean (± SE) duration (days) of each planktonic zoeal stage (I-III) and 

hatching to stage IV of Homarus gammarus (L.) in response to different ship sound 

playback treatments. All groups were statistically homogeneous (p > 0.05), 

calculated using a Kruskall-Wallis test. 
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Figure 4.5 Survival (%) of Homarus gammarus (L.)  from hatching to juvenile (stage 

IV) and at each planktonic zoeal stage (I - III) in response to different ship sound 

playback treatments. Equal letters indicate statistically homogeneous groups (p > 

0.05) calculated using Chi-square tests. 
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Figure 4.6 Survival (%) and development of H.gammarus larvae through 

successive zoeal stages from hatching to juvenile (ZI-stage IV) in different ship 

sound playback treatments. (n initial = 83 larvae per treatment, % values post-ZI 

relate to the initial n = 83). Data displayed until 37 days post hatching when no 

surviving larvae remained. 
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χ2= 5.63, df = 2, p = 0.06 

 

Figure 4.7 Kaplan-Meier survival curves of Homarus gammarus (L.) from hatching 

to juvenile stage IV in response to different ship sound playback treatments. % 

values refer to initial n=83 larvae in each sound group. Results of a log-rank test for 

difference between curves is displayed. 
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4.4 – Discussion 

This study is the first to investigate the effects of anthropogenic noise on larval H. 

gammarus. No effects on larval survival or developmental duration were found, in 

contrast to what was observed for N. norvegicus larvae (see chapter 3). 

It was hypothesised that as H. gammarus and N. norvegicus are fellow members 

of the family Nephropidae (known as true lobster or clawed lobsters), the delays in 

development of N. norvegicus larvae in response to ship noise playbacks (chapter 3) 

would be mirrored in H. gammarus larvae in this study. The larvae of H. gammarus and 

N. norvegicus have similar early-life strategies; both have three planktonic zoeal stages 

and the morphological changes that characterise the transition between stages are shared 

by both species (e.g. appearance of pleopods at stage II and uropods at stage III). 

Further, the larvae of both species have similar modes of zooplankton predation, namely 

the opportunistic grasping of zooplankton that drift into close proximity with the chelae 

(personal observations). Given these similarities it seemed reasonable to hypothesise 

that any evolved sound or vibration responsive receptor systems would perform similar 

functions in the planktonic stages of each species when exposed to the same sound 

exposure. 

The fact that H. gammarus larvae did not respond to noise in the same way as N. 

norvegicus is an indication that anthropogenic noise impacts observed in marine 

invertebrates cannot reliably be extrapolated between ostensibly similar species, which 

is an issue for environmental managers and decision makers due to the dearth of species 

tested for sensitivity to anthropogenic noise. The disparity between H. gammarus and N. 

norvegicus could either be due to differences in physiology, behaviour or sensory 

systems. Adults of these species have distinct behaviours and life-history strategies, 

with N. norvegicus digging complex burrow systems in muddy sediment (Katoh et al., 

2013), whilst H. gammarus lives in close association with hard substrate (Hooper and 
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Austen, 2014). These differences in habitat and strategy will of course entail different 

behaviours and physiological adaptations. Burrow-dwelling N. norvegicus necessarily 

have high hypoxia tolerances for example (Eriksson et al., 2006, 2013). Very little is 

known about the behaviour of the larvae of either species in the field and studies in 

laboratories struggle to create the conditions for ‘natural’ behaviours to manifest (Ellis 

et al., 2015; Powell and Eriksson, 2013).  More work on the mechanism of impacts of 

noise on N. norvegicus may in turn elucidate the reasons for the lack of impact in H. 

gammarus. 

In this study, the low survival of larvae in all treatments as they transitioned from 

stage III to stage IV is noteworthy, since it may have masked any changes in both stage 

duration and survival that may or may not have been produced by the noise exposure. 

Noise impacts were not observed in N. norvegicus until zoea stage II, if impacts 

manifest later in H. gammarus (e.g. stage III or stage IV) these changes will have been 

missed. The low success rate for larval development seen here is in line with other 

studies, which have reported larval survival rates (hatching to stage IV) as low as 1.4% 

(Daniels et al., 2010). Future studies may have to sacrifice the fine control and 

observational opportunities that individual rearing allows for and instead trial 

communal rearing at a larger scale to increase the number of surviving larvae if further 

work is to be done on H. gammarus larvae from hatching to stage III onwards. 
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Chapter 5 

Effects of anthropogenic noise on the oxygen consumption 

rate of Loligo forbesii embryos 

Abstract: 

Cephalopods are keystone marine species that play important roles as both 

predators and prey in coastal and oceanic ecosystems. We now know that anthropogenic 

noise can negatively impact adult cephalopod behaviour and damage statocyst organs, 

but no study to date has explored the responses of pre-hatching embryos to noise. This 

study investigated whether playbacks of ship motor noise affect the physiology of 

embryonic veined squid Loligo forbesii. Acute ship noise playbacks affected the oxygen 

consumption of developing L. forbesii embryos in a stage-dependent way, with stage-27 

embryos increasing oxygen consumption in response to noise, while stage-29 embryos 

showed no significant changes in response to noise (regardless of whether they had 

experienced noise pre-exposure or were naïve to ship noise playbacks). These findings 

suggest that noise playbacks are sufficient to elicit a stress response in cephalopod 

embryos, but that this response may be masked by the upregulated metabolic 

environment found in late-stage embryos immediately prior to hatching. Noise-induced 

increases in embryonic energy consumption may have negative implications for the 

efficiency of the conversion of egg yolk to body growth and subsequent survival 

probabilities for post-hatching larvae. Given the results reported here, further work 

exploring this possibility is now warranted. 
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The results presented in the following chapter form part of the manuscript 

“Diele, K., Bolger, E., Fusi, M., Rueckert, S., Scott, K., Wale, M., Harsanyi, P. Effects 

of Shipnoise Playbacks on Squid Embryogenesis and Hatchlings, Loligo forbesii. In 

Prep.”  

The above cited study was a multi-disciplinary investigation with research input 

from various researchers. The manuscript draft contains a condensed version of the 

results reported in this chapter, which I have written. For the work presented in this 

thesis chapter K.D and E.B conceived the respirometry component of the study; K.D., 

P.H., M.W. and E.B. designed the egg exposure setup; E.B. set up and analysed the egg 

exposure acoustics, conducted all respirometry work; performed the respirometry 

statistical analysis; and wrote the respirometry methods and results section. All work 

below is my own work (e.g. introduction and discussion sections are my own words and 

do not form part of the manuscript in preparation.) 

 

5.1 - Introduction 

Squids have been given more attention in the anthropogenic noise impact research 

field than some other invertebrate groups, given their high mobility, complex behaviour, 

clearly visible startle responses, and commercial and ecological importance. There is 

strong evidence that high amplitude sound can cause both behavioural changes and 

mechanical damage to adult squid. Startle responses (inking) and behavioural changes 

(increased movement) have been observed in the southern reef squid (Sepioteuthis 

australis) exposed to seismic airgun blasts above 147 dB re 1 µPa2.s (sound exposure 

level) in the field (Fewtrell and Mccauley, 2012). The long fin squid (Doryteuthis 

pealeii) responds to pure tones of 80 to 1000 Hz with increased inking or jetting 

behaviour, with the type and severity of response dependent on frequency and sound 

level (Mooney et al., 2016). The fact that behaviour such as inking, typically understood 
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as an anti-predator adaptation (Messenger and Hanlon, 2018), alters according to sound 

frequency and intensity is suggestive of a relative loudness concept to sound perception 

in squid. Pile driving playbacks also reduce the number of prey caught by D. pealeii in 

aquaria (Jones et al., 2021), demonstrating that noise can impact on squid behaviour as 

an apparent ‘distraction’, even if not loud enough to elicit startle responses.  

Adult squid possess 10 parallel ‘epidermal lines’ of ciliated sensory cells that run 

in a longitudinal direction over the head and onto the arms (Arnold and Williams-

Arnold, 1980; Sundermann, 1983). These epidermal lines are roughly analogous to 

lateral lines of fish and are sensitive to water oscillations (B. Budelmann and 

Bleckmann, 1988). 

The most likely candidate sensory system for hearing in cephalopods however are 

the statocysts. These are fluid filled sacs with a denser (often calcium carbonate) 

statolith contained within. The inertia of the dense statolith in comparison to the 

surrounding sac means that movements of the animal’s body cause relative movements 

of the statolith in the opposite direction and resultant stimulation of sensory hair cells 

that line the interior of the surrounding sac. Whilst this mechanism is used for gravity 

and equilibrium perception, it could also detect particle vibrations caused by passing 

sound waves (B. U. Budelmann, 1992). 

Sound sweeps from 50–400 Hz with peak sound pressure levels of 175 dB re 1 

µPa cause lesions in the statocysts of four Mediterranean Sea cephalopod species: Sepia 

officinalis, Octopus vulgaris, Loligo vulgaris and Illex condietii (Solé, Lenoir, Durfort, 

López-Bejar, Lombarte, van der Schaar, et al., 2013). These lesions would likely impair 

the movement and behaviour of the individuals affected. 

Whilst there is a growing evidence base for the ability of anthropogenic noise to 

alter behaviour and cause damage to statocysts of adult squid, the effects of noise on 

cephalopod embryos, their development and any carry-over effects from embryogenesis 



Chapter 5  | 152 
 

  E. L. Bolger 

to the paralarvae is unknown for all cephalopod species. Embryos and prelarvae of 

coastal squid of the genus Loligo (including the study species below) develop inside egg 

strands attached to hard substrate. Egg masses consist of numerous finger-like capsules 

or ‘strings’ that are attached to hard substrate by females one by one (Oesterwind et al., 

2010). The veined squid Loligo forbesii (Steenstrup, 1857) predominantly spawns in 

Scottish waters over the period December to June, peaking in March, but some mature 

specimens can be found there throughout the year, and egg masses are reported by 

fishermen up to September (Laptikhovsky et al., 2021). It is thought that there are 

distinct summer and winter spawning populations (Pierce et al., 1994). Embryonic 

development occurs for approximately one month (Rosa et al., 2012), a substantial 

proportion (~8%) of the short-lived squid’s lifespan with spawning often occurring one 

year after hatching and death following immediately afterwards (Pierce et al., 1994). 

During this period, developing embryos have an obligate sessile existence, unable to 

move away from any localised stressors. The embryos and larvae of many invertebrates 

are likely more vulnerable to environmental stressors than the more robust adults, and 

stressor induced mortality at this key stage is considered to be a bottleneck for 

population recruitment (Byrne, 2011). It is important therefore to consider the potential 

for noise to impact squid embryogenesis if we are to gain insight into how noise impacts 

cephalopods across their life-cycles, thereby working towards a holistic understanding 

of noise impacts at the population, community and ecosystemic level. 

This study investigated whether acute playbacks of ship motor sound affect the 

oxygen consumption of embryonic veined squid Loligo forbesii. The effects of noise 

playback exposures on naïve and pre-exposed embryos were also compared to explore 

whether any tolerance, habituation or sensitisation effects of noise playbacks occurred 

over repeated exposures. 
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5.2 – Materials and methods 

5.2.1 – Experimental setup and husbandry 

Loligo forbesii egg strand clusters were deposited overnight on the ropes of 

lobster creels in the Berwickshire Marine Reserve (North Sea, Scottish East coast) at a 

water depth of ~15-35 m. Egg clusters were carefully removed from the ropes and 

immediately transported to St Abbs Marine Station on 03/08/2019. 

Upon arrival at the marine station, squid egg strands were placed in acoustically 

transparent free-hanging plastic bags (7 L volume) inside two 675 L (1040 x 1000 x 650 

mm) holding tanks with continuous flow-through of natural seawater (Figure 5.1). Each 

tank contained a free-hanging underwater speaker (Clark Synthesis AQ339; effective 

frequency range 20 – 17,000 Hz, Clark Synthesis Inc., Littleton, CO, USA.) situated at 

the bottom of the tank facing upwards (Figure 5.1). This study utilised two water bath 

tanks: One played back ship-noise, whilst the other played back silence (control). Noise 

from inflowing water was avoided using subsurface inflow pipes avoid and tanks were 

isolated from any surrounding vibrations with a layer of neoprene rubber situated between 

the tank bases and the floor. Water parameters, measured daily with a WTW Multi 3430 

multiparameter meter (Xylem Analytics, Weilheim, Germany), remained relatively 

constant throughout the experiment, with salinity at 34-35 ppt, temperature at 14-15 oC 

and pH 7.8-8.2. A total of four acoustically transparent bags were placed in each treatment 

tank, with 15 eggstrands from 2 separate egg clusters at the start of the experiment (t0) on 

03/08/2019. Each bag was filled with UV-sterilized and filtered seawater. Constant 

aeration was achieved by wooden airstones in the bags. The clear roof of the Aquarium 

area provided a natural photoperiod with 15 h light and 9 h darkness. Each tank was 

covered with a shade net to reduce light intensity (maximum 300 lx). Water quality was 

maintained by daily 50% water change. 
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5.2.2 - Sound recordings and playback design 

Sound playback track preparation and subsequent in-tank playback recordings 

were conducted as in section 3.2.9. 

Received sound pressure levels at the position of the exposure peaked at 132-136  

dB re 1 μPa2Hz−1 for ship noise playbacks and 104–108 dB re 1 μPa2Hz−1 for control 

exposures (Figure 5.2A), as measured in PAMGuide (Merchant et al., 2015). Particle 

acceleration peaked at 159-162 dB re 1 (μms−2)2 Hz−1 for ship noise playbacks, and 

Figure 5.1 Experimental set-up for exposure of Loligo forbesii (Steenstrup, 1857) 

egg strands to ship noise playbacks. The water bath tank had dimensions 1600 x 

1030 x 690 mm a was connected to a continuous flow through system. Rearing bags 

were filled with aerated UV sterilised seawater and had dimensions of 250 mm H x 

200 mm W. There were 4 rearing bags in each (noise and control) water bath tank. 

The Diluvio underwater speaker was free hanging, 100 mm above the tank base and 

490 mm below the support tray. Both the rearing bags and the underwater speaker 

were centrally located on the x-y plane of the tank base. At t = 0, there were 15 egg 

strands in each sound exposure tank (noise and control). 
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153-157dB re 1 (μms−2)2 Hz−1 for control exposures (Figure 5.2B), as measured in 

paPAM (Nedelec et al., 2016). 

Squid egg strands in the noise exposure tank were exposed repeatedly to a total of 

two hours of low frequency ship noise playbacks in every four-hour period (interspersed 

with silent sound playbacks). The control tank received constant silent sound playbacks. 

For more details on playback structuring, see the ‘Occasional’ and ‘Ambient’ sound 

treatments utilised in section 3.2.9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 Power spectral density plots showing RMS levels of A) pressure (dB re: 

1 µPa2 Hz-1) and B) particle acceleration (dB re: (1 µm s-2)2 Hz-1) received by 

developing Loligo forbesii (Steenstrup, 1857) egg strands.  Recordings were taken 

inside the plastic bags used to contain the egg strands. DFT length: 48 kHz, 

recording lengths 30 s, Hann window length: 1 s. 
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5.2.3 – Respirometry 

Respirometry trials were run on 30/08/2019 and 05/09/2019, to test the 

effects of acute ship noise playback exposure on the oxygen consumption of 

individually separated stage-27 and stage-29 (respectively) squid eggs. Eggs were 

staged following the protocol devised by (Arnold, 1965). Briefly, at stage 27 the 

secondary cornea begins to cover the eye and eyes move freely in the orbit. Early 

dorsal chromatophores are also evident. At stage 29, pigmentation of ink sac 

occurs, and the arms are equal in length to the yolk sac. Stage 29 is the stage 

immediately prior to hatching. 

These experiments were conducted on eggs that were ‘naïve’ with respect to 

ship noise playbacks (dissected from egg strands in control conditions that had 

never before received ship noise playbacks). Prior to the respirometry, they were 

reared in intact egg strands (Figure 5.1). At stage 27 (newly dissected naïve eggs), 

12 eggs were subjected to ship noise playback, whilst 12 received silence 

playback. At stage 29 (newly dissected naïve eggs), 20 eggs were subjected to ship 

noise playback, whilst 19 received silence playback. 

Follow-on respirometry trials were run to test for effects of noise pre-

exposure on the oxygen consumption responses of stage 29 eggs subjected to 

subsequent acute noise exposures. 10 naïve and 9 pre-exposed eggs were subjected 

to acute ship noise playbacks, 10 naïve and 10 pre-exposed eggs were subjected to 

acute silence playback. 

Egg oxygen consumption was measured using the Unisense 

microrespirometry system (Unisense, 2021). Eggs were dissected from the egg 

strands and placed individually in 2 ml glass respirometry chambers filled with 

UV sterilized seawater (temperature 14 OC, salinity 35 ppt). The chambers were 

situated in a larger waterbath tank (dimension 1000 mm x 500 mm x 400 mm). 
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Each egg rested upon a steel gauze mesh, above a magnetic stirrer to prevent 

stratification of dissolved O2 in the chamber. The eggs were acclimatised for 10 

minutes, and then subjected to 20 minutes of either silence or ship noise playbacks. 

O2 levels in each chamber were measured using a microrespirometry probe 

(Unisense 2019) at t = 0,10 and 20 minutes. Each experimental run had 3 

experimental chambers (containing one egg each) and 1 empty ‘blank’ chamber, 

used to correct for any background microbial oxygen consumption. 

Sound playback was produced using an AQ Sub Aqua-30 speaker connected to a 

Pioneer A-10-K amplifier and Lenovo Thinkpad laptop. Ship and ambient sound 

recordings used were as in section 5.2.2. Received sound pressure levels at the position 

of the exposure peaked at 118 dB re 1 μPa2Hz−1 for ship noise playbacks and 94 dB re 

1 μPa2Hz−1 for control exposures (Figure 5.3A) as measured in PAMGuide (Merchant 

et al., 2015). Particle acceleration peaked at 99-102 dB re 1 (μms−2)2 Hz−1 for ship 

noise playbacks, and 88.5 -90.5 dB re 1 (μms−2)2 Hz−1 for control exposures (Figure 

5.3B), as measured in paPAM (Nedelec et al., 2016). 
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Figure 5.3 Power spectral density plots showing RMS levels of A) sound pressure 

(dB re: 1 µPa2 Hz-1) and B) particle acceleration (dB re: (1 µm s-2)2 Hz-1) received 

by Loligo forbesii (Steenstrup, 1857) eggs in respirometry trials. DFT length: 48 

kHz, recording lengths 30 s, Hann window length: 1 s. 

 



Chapter 5  | 159 
 

  E. L. Bolger 

5.2.4 - Statistical analyses 

Oxygen consumption rate (µMol L-1 h-1) for each respiration chamber was 

calculated using a linear regression. R2 values were greater than 0.9 for all trials 

analysed. The consumption rate of blank chambers was subtracted from 

experimental chambers of the same run to account for background levels of O2 

consumption attributable to microorganisms. Final consumption rate values were 

expressed per unit of egg wet weight, giving µMol L-1 h-1 g-1. Following tests for 

homogeneity of variance and normal distribution, one-way ANOVA tests were 

used to test for differences in the mean oxygen consumption of ship noise exposed 

and control eggs. For the follow-on trials testing for the effects of acute sound 

exposure and noise pre-exposure on oxygen consumption, 2-way ANOVAs were 

conducted. All statistical analyses were carried out in R statistics package version 

3.2.4 (R Core Team, 2017) 

 

5.3 - Results 

5.3.1 - Naïve eggs 

Stage 27 eggs (newly dissected from egg strands) consumed significantly more 

oxygen when subject to ship noise playbacks (ANOVA, F(1,22) = 4.393, p = 0.048). Ship 

noise exposed eggs consumed an average 88.14 ± 10.38 μmol/L/h/g, whilst control eggs 

consumed 58.29 ± 9.75 μmol/L/h/g (Figure 5.4). 

In contrast, there was no significant effect of ship noise playbacks on the oxygen 

consumption of stage 29 eggs (ANOVA, F(1,37) = 0.001, p = 0.972). Ship noise exposed 

eggs consumed an average 123.61 ± 14.32 μmol/L/h/g, whilst control eggs consumed 

123.61 ± 10.61 μmol/L/h/g (Figure 5.5). 
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Figure 5.4 Mean (±SE) O2 consumption (μmol/L/h/g) of naïve stage-27 

squid eggs in response to acute ship noise and control playbacks. Equal 

letters indicate statistically homogenous groups. 

 

Figure 5.5 Mean (±SE) O2 consumption (μmol/L/h/g) of naïve stage-29 

squid eggs in response to acute ship noise and control playbacks. Equal 

letters indicate statistically homogenous groups. 
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b 
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5.3.2 - Pre-exposure trial 

There was no significant effect of noise pre-exposure (2-way ANOVA, F(1,35) = 

0.095, p = 0.76) or acute noise exposure (2-way ANOVA, F(1,35) = 0.0016, p = 0.97)  on 

the oxygen consumption of individually cup-reared stage-29 eggs. There was also no 

interaction between these two factors (2-way ANOVA, F(1,35) = 0.16, p = 0.69). 
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Figure 5.6  Mean (±SE) O2 consumption (μmol/L/h/g) of naïve and pre-exposed 

stage-29 squid eggs in response to either ship noise or silence playbacks. 
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5.4 - Discussion 

This study evidences that cephalopod embryos can be negatively affected by 

noise. Ship noise playbacks increased the oxygen consumption of developing L. forbesii 

embryos in a stage-dependent way.  

The increased oxygen consumption of naïve (having never received experimental 

ship noise playbacks previously) stage-27 L. forbesii embryos is indicative of increased 

metabolism, which can often be a result of, in simple colloquial terms, a ‘fight-or-flight’ 

response. This is a neuroendocrine response, whereby in reaction to sensory cues that 

signify the presence of danger such as a predator (e.g. an approaching shadow or a 

predator-specific olfactory cue), an animal increases energy consumption in preparation 

for avoidance. Whilst stage-27 L. forbesii are pre-hatching and therefore unable to 

exhibit behaviours such as moving away from predators, they are morphologically well-

developed; loliginid squids already possess the statocysts involved in adult audio 

perception as early as 15 days after egg laying (Arnold, 1965; Rocha and Guerra, 1999; 

Villanueva, 2000). The highly-complex environments that these animals inhabit mean 

that they experience a wide range of stressors and stimuli, with each complex 

combination of the aforementioned signalling an overall net probability of risks and 

rewards, or dangers and ‘desirables’. This suite of information has driven the evolution 

of a wide array of sensory systems and diverse responses to endogenous and exogenous 

(internal and environmental) stimuli and stressors. It may therefore be an 

oversimplification to attribute the increased oxygen consumption of stage-27 L. forbesii 

in response to ship noise playbacks to a ‘fight-or-flight’ response at this stage, but the 

literature does support a link between low frequency noise and anti-predator responses 

in cephalopods, with adult squid increasing inking and jetting (both stereotypical anti-

predator behaviours (Messenger and Hanlon, 2018)) in response to both impulsive and 

continuous low frequency sound (Fewtrell and Mccauley, 2012; Mooney et al., 2016). 
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By stage-29, the oxygen consumption of L. forbesii was no longer observed to be 

affected by the ship noise playbacks utilised in this study, regardless of whether they 

have been exposed to the playbacks throughout their development or not. Whilst the 

lack of an effect on pre-exposed stage-29 individuals could be attributed to habituation 

to noise exposure, when taken with the fact that naïve stage-29 individuals are also 

unaffected by noise playbacks, it is more likely that a playback-independent process is 

driving the change in noise response from stage-27 to stage-29. Stage-29 is defined as 

the final stage before hatching, at which point embryos are fully developed and could 

hatch at any moment (Arnold, 1965). It may be the case that the physiological processes 

involved in the preparation for a physically challenging and energetically costly 

hatching process have been activated at stage-29, and any physiological impacts of ship 

noise playbacks are masked in an already upregulated metabolic environment. Squid 

hatching is preceded by an increase in mantle contractions and fin movement of the 

embryo (Lee et al., 2009) and the metabolic rate of L. vulgaris more than doubles after 

hatching for example (Pimentel et al., 2012). This is also supported by the higher O2 

consumption observed in all treatments at stage-29 compared to stage-27 in this study. 

This study has shown that squid embryos respond to acute ship noise playbacks 

with elevated oxygen consumption, but that this effect is stage dependent. Stage-27 

embryos are affected, whilst stage-29 individuals are not. Future work could explore 

oxygen consumption responses of earlier stage embryos. It would be hypothesised that 

no responses to noise playbacks would be observed until after formation of the statocyst 

organs and this would give further weight to the growing body of evidence that 

statocysts are used by cephalopods for audio perception (e.g. (Kaifu et al., 2008; 

Packard et al., 1990). If squid embryos increase their metabolic rate (which the 

increased O2 consumption reported here indicates) in response to environmental noise 

characteristic of ship noise in the field, then the efficiency of the consumption and 
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conversion of egg yolk to body growth may be altered. If maintained for a substantial 

period of embryonic development, this could affect embryonic growth rates and the 

energy reserves available in yolk sacs to newly hatched squid, a variable which is 

critical to the survival of squid to reproductive age (Vidal et al., 2006). At the 

population level, this could lead to changes in recruitment to the adult population. Given 

that there is now evidence for: 1) acute effects of noise on both adult and embryonic 

squid, and 2) the ability of noise to damage squid statocysts, a question arises as to 

whether exposure to low-frequency sounds characteristic of anthropogenic sources such 

as shipping during the embryonic development of squid such as L. forbesii modifies the 

subsequent behavioural responses to underwater sound in adulthood. If noise induced 

changes to statocyst functioning, as observed in adults (Solé, Lenoir, Durfort, López-

Bejar, Lombarte, Van Der Schaar, et al., 2013), also occur during early development, 

this may also affect the ability of post-larval squid to move and orient themselves in the 

water column. Answering these questions will be an important task for future studies 

that wish to understand how increasingly-noisy environments may impact squid 

populations over their entire life cycle.  

Further response parameters such as embryonic growth, developmental duration 

and success are reported in the manuscript that this work also forms a part of, but as this 

additional work was not carried out by EB it is not reported here. 
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Chapter 6 

Effects of anthropogenic noise on the survival and settlement 

behaviour of European oyster Ostrea edulis larvae 

 

Abstract: 

There is a currently a concerted effort across the North-East Atlantic to restore 

once-abundant European flat oyster Ostrea edulis (L.) reefs to their historical extent and 

functionality. As eastern oyster (Crassostrea virginica) larvae are known to alter their 

settlement behaviour in response to underwater sound, it was hypothesised that 

anthropogenic noise may also alter O. edulis settlement behaviour. In this laboratory 

study we presented settlement-competent O. edulis pediveligers with two substrate 

types, namely bio-film stone (desirable) and bare plastic substrate (non-desirable) and 

two sound playback treatments, namely ‘Shipping noise’ and ‘Ambient’. Shipping noise 

consisted of a 15 min playback of ship noise at a random timepoint within every 2 hours 

(thereby emulating a busy shipping lane), whilst Ambient consisted of a constant 

playback of underwater sound from a harbour with no ships nearby. Ship noise 

playbacks had no impact on larval settlement rate and success, regardless of settlement 

substrate. However, the larval survival and active swimming behaviour was reduced by 

ship noise when suitable settlement substrate was absent. These findings have 

implications for restoration efforts, where larvae from restored reefs may have reduced 

dispersal potential over noisy shipping lanes with little suitable settlement substrate. 
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6.1 - Introduction 

The European flat oyster Ostrea edulis (L.) once formed extensive beds across 

the North-East Atlantic (Figure 6.1). These reefs covered large parts of the English 

Channel, many estuarine areas of the British coast and ∼20% of the Dutch part of the 

North Sea floor (over 25,000 km2) (Olsen, 1883). These once abundant beds contributed 

to food security, by providing a cheap and readily available source of protein to coastal 

communities since pre-historic times (Gɒnther, 1897; Pogoda, 2019). During the 19th 

century, with the invention of steam-powered trawlers, O. edulis began to be heavily 

commercially exploited to meet high demand (Pogoda, 2019), with approximately 700 

million oysters consumed in London alone during 1864 (Philpots, 1890). Consistent 

overexploitation combined with habitat degradation, water pollution and disease led to 

major declines in O. edulis throughout its range and functional extinction in Belgian, 

German and Dutch waters (Airoldi and Beck, 2007; Gercken and Schmidt, 2014; 

Pogoda, 2019). 

In addition to food provision, these biogenic reefs would have performed a key 

ecological role. The complex three-dimensional structure of oyster reefs provides 

habitat, shelter, food, larval settlement substrate and spawning ground for a wide range 

of associated flora and fauna, with some of commercial importance (Grabowski and 

Peterson, 2007; Möbius, 1877). This biogenic hard-substrate reefs provided a rich and 

distinct habitat type in a North Sea otherwise dominated by soft sediment (Christianen 

et al., 2018) and were thus considered to be biodiversity hotspots (Möbius, 1877) . As 

filter-feeding bivalves, oysters also capture plankton and particles of organic matter 

from the water column, thereby increasing localised water clarity and quality and 

mitigating against algal blooms (Coen et al., 2007). Particles that are not eaten are 

deposited as pseudofaeces which enriches surrounding sediment and contributes to 

organic nitrate and organic carbon fixation and removal from the water column (Coen et 
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al., 2007; Fodrie et al., 2017; Lee et al., 2020). These critical ecosystem functions and 

services, combined with the potential for flood/erosion defence if coastally located, give 

oyster reefs an estimated economic value (excluding harvesting for consumption) of 

$5500–$99,000 per hectare per year (Grabowski et al., 2012). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1 Piscatorial Atlas Map showing the spatial distribution of European Flat 

Oyster Ostrea edulis (L.) in the North Sea in 1883 (Olsen, 1883). 
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Today, the temperate biogenic reefs once formed by O. edulis rank among some 

of the most threatened habitat types globally (Airoldi and Beck, 2007; Gercken and 

Schmidt, 2014). For this reason, remaining O. edulis reefs are now protected under the 

EU Flora–Fauna–Habitat Directive (FFH Directive, 92/43/EWG) (Council Directive 

92/43/EEC of 21 May 1992 on the Conservation of Natural Habitats and of Wild Fauna 

and Flora, 1992), the Marine Strategy Framework Directive (Directive 2008/56/EC of the 

European Parliament and of the Council of 17 June 2008 Establishing a Framework for 

Community Action in the Field of Marine Environmental Policy (Marine Strategy 

Framework Directive), 2008) and are listed as a ‘Threatened and Declining species’ by 

the OSPAR convention for the Protection of the Marine Environment of the North-East 

Atlantic (The North-East Atlantic Environment Strategy-Strategy of the OSPAR 

Commission for the Protection of the Marine Environment of the North-East Atlantic 

2010–2020, 2010). To meet their conservation commitments, OSPAR/EU member states 

have adopted national legislation/policy to not only conserve existing O. edulis reefs, but 

to restore them to their previously occupied ranges (MMO, 2019; Pogoda, 2019; Pogoda 

et al., 2019; Smaal et al., 2015). These concerted efforts aim to meet conservation 

objectives, restore pre-existing ecosystem functions and benefit from the associated 

ecosystem services (Pogoda et al., 2019). 

The long-term success of re-introduced O. edulis beds is dependent, in part, on 

the successful recruitment and ongrowing of conspecific larvae. O. edulis larvae can 

prolong their planktonic phase if no suitable settlement sites are present, or locatable 

(Rodriguez-Perez et al., 2019). An understanding of the factors influencing the ‘choice’ 

of settlement location and the subsequent success of settling larvae will allow the 

identification of suitable sites for restoration and the preparation of these sites to 

maximize larval settlement. We now know that bivalves can detect and alter their 

behaviour in response to underwater sound, for example adult Pacific oyster Crassostrea 
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gigas detects sound within the range 10 to <1000 Hz and respond with transient valve 

closures (Charifi et al., 2017). Coincidentally, 10 to <1000 Hz is the frequency range 

dominated by shipping noise in most contemporary marine environments (Slabbekoorn 

et al., 2010). Underwater sound can also influence the settlement rate of Eastern oyster 

Crassostrea virginica larvae (Lillis et al., 2015) and shipping noise playbacks have been 

shown to cause stress and alter feeding behaviour of the adult blue mussel Mytilus edulis 

(Wale et al., 2019), but there is currently no information on the potential positive, or 

negative, impacts of underwater sound on O. edulis settlement. Whilst sound could guide 

the larvae and facilitate gregarious settlement, ever-increasing anthropogenic noise, 

particularly in the busy shipping area of the North Sea, may mask settlement facilitating 

natural sounds or directly alter larval behaviour. 

In this study we presented settlement-competent O. edulis pediveligers with two 

substrate types, namely bio-film stone (desirable) and bare plastic (non-desirable), in 

combination with two sound playback treatments, namely ‘Shipping noise’ and 

‘Ambient’. Shipping noise consisted of a 15 min playback of ship noise at a random 

timepoint within every 2 hours (thereby emulating a busy shipping lane), whilst Ambient 

consisted of a constant playback of underwater sound from a harbor with no ships nearby. 

We hypothesized that ship noise playbacks would act as a stressor, reducing settlement 

rate and survival and that this effect would be greater in the presence of a non-desirable 

substrate type. Here we present the results, propose potential avenues for future research 

and discuss the implications for O. edulis restoration efforts in the North-East Atlantic. 

 

 

 

 



Chapter 6  | 175 
 

  E. L. Bolger 

6.2 – Material and methods 

6.2.1 - Broodstock and larval rearing 

Adult oysters were collected from the Danish Limfjord (N 56.832309, E 

8.903373) and transported back to the Danish Shellfish Centre (DSC) where they were 

held in 25 L flow-through broodstock tanks and allowed to spawn naturally. Released 

larvae were transferred to 15 L flow-through upweller tanks at an initial concentration of 

~10 larvae/mL and raised at 20 oC in 1 μm filtered seawater (Figure 6.2). Both broodstock 

adults and larvae were fed a microalgae mixture, namely Chaetoceros muelleri, 

Tisochrisys lutea and Pavlova gyrans at a ratio of 14:3:3 respectively. Microalgal feed 

was maintained at a constant concentration of ~100 cells/μL using a dosing system set to 

dispense food solution at 6 mL min-1.  

 

 

 

 

 

 

 

 

 

 

 
Figure 6.2 15L upwelling larval rearing tank on the flow-through system with 

continuous feed dosing system (green). 
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A subsample of approximately 20 larvae were visually inspected daily using a 

confocal microscope. After approximately 10 days, larvae had reached the pediveliger 

stage, typified by the presence of a dark pigmented ‘eyespot’ and foot, indicating 

settlement-competency and ability to metamorphose to a spat (Figure 6.3). At this point, 

the oyster larvae were transferred to the experimental system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3 Ostrea edulis larva at the mature pediveliger stage – indicated by the 

presence of a dark pigmented ‘eye-spot’. 

Eye-spot 
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6.2.2 - Experimental design 

 Pediveliger larvae were transferred to 16 ml wells within 6-well plates (4 

larvae per well) and subjected to 4 distinct treatments in a 2-way factorial design, 

combining 2 sound treatment levels (ship noise or ambient sound playback) and 2 

settlement substrate treatment levels (biofilm stone or bare plastic) (Table 6.1). Well 

plates were semi-submerged in large 70 litre water-bath tanks which acted to maintain 

temperature at 20 oC using an IKS temperature control system (https://www.iks-

aqua.com/html/engl/aquastar.php) and to provide sound exposure using an upward 

facing free-floating underwater speaker situated 30 cm below the well plates (Figure 

6.6). A total of 4 tanks were used (2 ship noise and 2 ambient playback tanks). Each 

playback tank contained 4 6-well plates, with 12 of the total wells per tank. Each tank 

contained filtered seawater with a biofilm stone and 12 wells contained filtered seawater 

only (bare-plastic settlement substrate) (Figure 6.7). The positioning of each substrate 

type within the well plates was randomised. Larvae were maintained at 20 oC under a 

natural light-dark cycle. 

 The biofilm stone treatment consisted of filtered seawater and a marine 

stone of 1–1.25 cm diameter covered by a natural biofilm. The stones were collected 

from Nykøbing Bugt adjacent to the DSC at a depth of ~1 m. Only stones with a 

continuous monochromatic light-green covering of biofilm across the entire upper 

surface were selected. Both C. gigas and O. edulis are found in the biofilm stone 

collection area. 

 

 

 

 

https://www.iks-aqua.com/html/engl/aquastar.php
https://www.iks-aqua.com/html/engl/aquastar.php
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6.2.3 - Sound recordings and playback 

 Using the Ableton Live Suite software and an M-Audio M-Track Quad, 2 

separate audio channels were played from a single Lenovo Thinkpad laptop (Playback 

sample rate: 96 kHz). Each audio track output from the M-Track Quad was routed 

through a Pioneer A-10(K) Stereo Amplifier (2 x 50 W) amplifier to an AQ Sub-aqua 

30 speaker (Frequency Response 100 Hz – 17 kHz). The two sound playback groups 

were composed of a combination of ambient and ship noise recordings from three major 

UK ports ((A) Gravesend, (B) Plymouth and (C) Portsmouth), originally recorded by 

Sophie Nedelec (University of Exeter) and Irene Voellmy (University of Bristol) (Wale 

et al., 2013a, 2013b). At each location, during a single day, recordings were made of 

both ambient sound and the sound generated by a single passing ship at approximately 

200 m distance. The ships recorded at each location were: (A) Gravesend: Rio de la 

Plata, a 286 m long, 64730 tonne container ship, (B) Plymouth: Bro Distributor, a 146 

m long, 14500 tonne LPG tanker and (C) Portsmouth: Commodore Goodwill, a 126 m 

long, 5215 tonne ferry. Ship travel speed was relatively low and remained 

approximately constant for the duration of recordings (<10 knots). For hydrophone and 

recorder specifications and calibration information, see: (Wale et al., 2013a, 2013b). 

The ‘ambient’ sound group received playbacks of the ambient underwater sound 

recordings made by Wale et al. (2013), this group served as the control in this 

experiment. Ambient sound, rather than silence was chosen in order to ensure that any 

differences observed in ship noise playback groups compared to the ambient group were 

solely due to the ship sound component of the playback. As there were 3 recording 

locations, 3 ambient tracks (2 hrs each) were used in the treatment and cycled between 

randomly for the duration of the experiment. The ‘ship noise’ group received playbacks 

of 15 minutes of ship noise (including a 1-minute fade-in and fade-out), interspersed 

within 1h45 of corresponding ambient sound recording from the same location, repeated 
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for the duration of the experiment. The positioning of the 15-minute ship noise block 

within this 2 hour period could occur at 0 mins, 30 mins, 60 mins, 105 mins. These 4 

ship/ambient combinations were created for each recording location (A,B and C) giving 

a total of 12 possible 2-hour sound playback files for the ship noise group; these 12 

playback files were cycled between randomly (Figure 6.4). All experimental tracks were 

compiled in Audacity 2.1.3 (http://audacity.sourceforge.net/) and exported as 24-bit 

WAV files for playback. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

= 15 minutes ambient  

= 15 minutes ship noise 

Ambient 

(control) 

Ship noise Cycled between randomly for the 

duration of the experiment 

Repeated for the duration of the 

experiment 

Figure 6.4 The sound playback exposure regime received by Ostrea edulis (L.) 

pediveligers larvae in ship noise and ambient treatment groups. Sound options were 

cycled between randomly for the duration of the experiment. 

http://audacity.sourceforge.net/
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The power spectral density (PSD) levels received by the pediveligers were 

measured in the space taken up by the well plates (30 cm above the AQ Sub-aqua 30 

speaker), prior to beginning the experiment. Recordings were made using a HTI-94-

SSQ hydrophone (sensitivity of -165 dB re: 1 V/µPa) with a frequency response of 2 Hz 

to 30 kHz, routed to a calibrated Roland R-26 digital recorder at a sample rate of 96 

kHz. Sound recordings were stored as 24-bit WAV files. The recorder was calibrated 

using a signal generator and oscilloscope. Each recording was 30 s in length. 

Power spectral density graphs were produced in Matlab R2017a using the 

PAMGuide (Merchant et al., 2015) for pressure and the paPAM software package for 

particle acceleration. PSD plots were produced from 30 second recordings. The Hann 

window type was used, with window length of 1 second, 50% window overlap and 

Discrete Fourier Transformation length of 48 kHz. Root mean square (rms) sound levels 

were used for comparisons. Ambient group sound recordings were taken whilst ship 

noise playback was occurring in Busy and Occasional tanks confirm there was no sound 

transference between tanks.  

During ship noise playback, there was a pressure peak of 120-124dB re: 1 µPa2 

Hz-1 in both tanks at 395 Hz, with sound levels varying according to frequency 

component, but remaining at approximately 100dB re: 1 µPa2 Hz-1 across the frequency 

range of 0-3000 Hz (Figure 6.5). Sound levels remained at approximately 63dB re: 1 

µPa2 Hz-1 across the 0-3000 Hz frequency range in the ambient sound tanks (Figure  

6.5). Particle acceleration peaked at 99dB (1 µm s-2)2 Hz-1 at 375 Hz and 102.5dB (1 µm 

s-2)2 Hz-1 at 2282 Hz in ship noise tanks. Particle acceleration remained relatively 

constant at 75dB from 0 to 1600 Hz before gradual declining in intensity at higher 

frequencies (figure 6.5). 
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Figure 6.5 Power spectral density plots showing RMS levels of A) pressure (dB re: 

1 µPa2 Hz-1) and B) particle acceleration (dB re: (1 µm s-2)2 Hz-1) received by 

Ostrea edulis (L.) pediveligers. Recordings were taken at the position of 

experimental well plates in ship noise and ambient playback tanks (2 tanks per 

sound treatment). In each treatment, recordings were taken directly above the 

speaker DFT length: 48 kHz, recording lengths 30 s, Hann window length: 1 s. 
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6.2.4 - Data collection 

 As pediveligers matured late-evening, the experiment was set-up and 

observations began the next morning, 10 h after set-up, at which point no settlement had 

yet occurred. Thereafter, approximately every 2.5 hours the behaviour and settlement 

status of experimental pediveligers was visually assessed using a Teslong Digital USB 

Microscope 10-200X magnification waterproof  USB microscope in-situ 

(https://www.amazon.co.uk/Microscope-Teslong-Multi-function-Magnification-

Waterproof/dp/B01K1V23XY ), except during sleep breaks where intervals were 

longer. The observational process was repeated until the end of the experiment at t = 

96.75 hours. The settlement status of each larvae was recorded (settled vs. non-settled) 

and the behaviour of non-settled pediveligers categorised into ‘active’ (swimming), 

‘inactive’ (stationary) and ‘foot searching’. ‘Foot searching’ is a stereotypical behaviour 

of mature pediveligers attempting to identify a suitable settlement location and involves 

the use of an extended foot to drag the pediveliger along the substrate (Rodriguez-Perez 

et al., 2019). If it was not possible to locate a larva during an observation (e.g. due to its 

positioning under the substrate), its settlement status and behaviour was recorded as 

‘unknown’. 

 Dead larvae could be differentiated from inactive larvae due to a 

combination of prolonged inactivity and the loss of all green/brown colouration from 

their bodies, transitioning to a distinctive ‘milky’ appearance. At the end of the 

experiment, all biofilm stones were upturned and carefully inspected for any attached 

settled larvae that may have hitherto been unable to be observed without disturbing the 

substrate. 

 All ‘unknown’ designations were retroactively corrected to either ‘settled’ 

or ‘non-settled’ status once a subsequent observation provided the validation for this 

correction e.g. an ‘unknown’ larvae that is subsequently observed to be actively 

https://www.amazon.co.uk/Microscope-Teslong-Multi-function-Magnification-Waterproof/dp/B01K1V23XY
https://www.amazon.co.uk/Microscope-Teslong-Multi-function-Magnification-Waterproof/dp/B01K1V23XY
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swimming will be assigned a ‘non-settled’ status to replace all previous ‘unknown’ 

designations. ‘Unknown’ designations were not able to be corrected for non-settled 

behaviour however, so were censored from the behavioural analysis for that timepoint. 

6.2.5 - Statistical analyses 

 The time taken for larvae to settle was compared between treatment groups 

using a non-parametric Kaplan-Meier survival analysis (Kaplan and Meier, 1958). 

Briefly, the probability of a larvae remaining non-settled at time tj, S(tj), is calculated 

from: (1) S(tj-1), the probability of being non-settled at tj-1, (2) nj, the number of larvae 

non-settled just before tj and (3) dj number of settlement events at tj, using the following 

equation: 

𝑆(𝑡𝑗) = 𝑆(𝑡𝑗−1) (1 −
𝑑𝑗

𝑛𝑗
) 

 where t0 = 0 and S(0) = 1. As the Kaplan-Meier estimator calculates the 

probability of the event of interest not happening S(tj), the estimator was inversed to 

gain the probability of settlement at time t : 1-  S(tj). Larvae that remained non-settled at 

the end of the experiment (t = 96.75 hours) were marked as ‘censored’, as were larvae 

that died over the course of the experiment, thereby removing their contribution to 

subsequent probability estimator calculations. Both survival and settlement data was 

analysed in this way. Survival curves were compared between treatment groups using a 

log-rank test, testing against the null hypothesis that survival curves are identical in the 

overall populations. All survival analysis was performed in Graphpad Prism 7.00 

(Graphpad Software, 2020). 

Differences in behaviour of non-settled pediveligers (‘active’ (swimming), ‘inactive’ 

(stationary) and ‘foot searching’) were tested using Chi-square contingency tables. 
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  Substrate type Initial number of pediveligers 

S
o
u

n
d
 p

la
y
b
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u
p

 

Ambient 

Biofilm stone 48 

Bare plastic 48 

Ship Noise 

Biofilm stone 48 

Bare plastic 48 

Table. 6.1 Sound exposure and substrate treatments used to study the effects of ship 

noise playbacks on Ostrea edulis (L.) settlement in different settlement substrate  

suitability contexts. 

6 well plate with UV sterilised, 

filtered seawater. Each well 

contains 4 larvae. At t0 , n=48 

Water bath connected to flow-

through system to maintain ambient 

temperatures 

Diluvio
TM

 

underwater 

speaker 

Support tray 

x4 

(2 ship noise, 2 ambient tanks) 

Figure 6.6 Experimental set-up for the rearing and sound exposure of Ostrea edulis 

(L.) pediveligers. External dimensions: 750mm L x 550mm W x 400mm H and 

volume: 150 litres. Well plate support tray dimensions were 400 x 400mm. The 

Diluvio underwater speaker centrally located, facing upwards, and free-hanging 

50mm above the tank base and 325mm below the support tray. Each tank contained 

4 6-well plates located centrally, directly above the centre of the speaker cone. 

There were 4 tanks in total (2 noise and 2 control). 



Chapter 6  | 185 
 

  E. L. Bolger 

 

 

 

 

 

 

 

 

 

 

 

6.3 – Results 

6.3.1 – Larval settlement 

 There were clear differences in the cumulative number of larvae that settled 

during the experiment between substrate types (Log-rank test, χ2=122.7, df=3, p < 

0.0001), with 77-81% of larvae having settled in the biofilm stone wells by the end of 

the experiment, compared to only 0-0.04% in the filtered seawater (bare-plastic) wells 

(Figure 6.8). Pediveligers began to settle rapidly in the biofilm treatment after ~40 hours 

and passed the 50% settlement threshold after 69 h when exposed to ambient sound 

playback, and after 71 h when exposed to ship noise playbacks. However, the nature of 

sound playbacks had no significant effect on settlement rate in both bare-plastic and 

biofilm stone treatments (Log-rank test, χ2=1.896, df=1, p = 0.17 and Log-rank test, 

χ2=0.01735, df=3, p = 0.90 respectively) (Figure 6.8). 

Figure 6.7 Diagram of a 6-well Ostrea edulis pediveliger settlement plate with four 

larvae per well and 2 settlement substrate types. Each plate had 3 wells containing 

filtered seawater with a biofilm stone and 3 wells with filtered seawater only (bare 

plastic). Substrate type was assigned to wells at random. Eight plates were assigned 

to each sound exposure tank, giving a total of Image not to scale. 
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Figure 6.8 Cumulative proportion of Ostrea edulis pediveligers that settled over the 

97 h experiment in A) Bare-plastic and B) Biofilm stone treatments. All treatment 

wells contained filtered seawater. Blue curves received ambient sound playback, red 

curves were exposed to ship noise playbacks. N.S indicates a non-significant 

logrank test for difference in Kaplan-Meier survival curves.  
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6.3.2 – Non-settled larval survival 

All larvae that settled and metamorphosed remained alive at the end of the 

experiment. Of the pediveligers that remained non-settled in the biofilm stone 

treatments, 98% survived when exposed to ambient playbacks, compared to 92% 

exposed to ship noise playbacks. However, differences between the two respective 

Kaplan-Meier survival curves were not significant (Log-rank test, χ2=1.949, df=1, p = 

0.16) (Figure 6.9B). In contrast, in the two bare-plastic substrate treatments ship noise 

playbacks caused a significant reduction in survival probability, compared to ambient 

playbacks (Log-rank test, χ2=4.322, df=1, p = 0.038) (Figure 6.9A). A total of 90% of 

non-settled pediveligers survived for the entire 96.75 hour experimental duration in 

bare-plastic wells whilst exposed to ambient sound playback, whereas only 73% 

survived under ship noise playback conditions. The survival of ship noise exposed 

pediveligers began to decline more rapidly after approximately 60 hours of 

experimental time (Figure 6.9A).  

6.3.3 – Non-settled larval behaviour 

In bare plastic wells, non-settled pediveligers spent 36% more time inactive in the 

ship noise exposure treatment, compared to larvae in the ambient sound playback group 

in bare-plastic wells (χ2
(1, 2001) = 264.5; p < 0.001) (Figure 6.10A). This behavioural 

difference was mirrored in the presence of biofilm stone substrate, with larvae spending 

20% more time inactive when exposed to ship noise playbacks compared to ambient 

playback (χ2
(1, 1333) = 64.82 p < 0.001) (Figure 6.10B). Foot-search behaviour was rarely 

observed, only in biofilm stone treatments and was unaffected by sound playback (χ2
(1, 

1333) = 1.17 p = 0.28)  (Figure 6.10B). 
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Figure 6.9. Proportion of non-settled Ostrea edulis pediveligers that survived over 

the 97 hour experiment in A) Bare-plastic and B) Biofilm stone treatments. All 

treatment wells contained filtered seawater. Blue curves received ambient sound 

playback, red curves were exposed to ship noise playbacks. N.S indicates a non-

significant logrank test for difference in Kaplan-Meier survival curves.  
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Figure 6.10. Proportion of time that non-settled Ostrea edulis pediveligers were 

observed displaying each of three behavioural categories: Active, inactive and foot-

searching in A) Bare-plastic and B) Biofilm stone substrate treatments. The 

observed behaviour is displayed for both sound playback treatments: Ambient and 

Ship Noise. T=total number of behavioural observations in each treatment. 

Behavioural data was only possible to record for observable non-settled 

pediveligers. ‘Unknown’ larvae that were not seen in a given observational 

timepoint are therefore censored from the analysis. Chi-squared test results for 

differences in behaviour between sound groups are included. 
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(1, 2001) = 264.5 

p < 0.001 
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(1, 1333) = 64.82 
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6.4 - Discussion 

The aim of this study was to assess whether additional anthropogenic noise, 

characteristic of ship noise (the most prevalent marine noise source globally (Andrew et 

al., 2002; Frisk, 2012)) has the potential to influence Ostrea edulis larval settlement, 

behaviour and survival. The majority of pediveligers successfully settled in response to 

the presence of relevant biofilm, but not in bare-plastic treatments, as hypothesised. 

This substrate dependent settlement rate remained unaffected by additional 

anthropogenic noise playbacks, suggesting that O. edulis restoration projects in busy 

shipping areas should see recruitment unaffected by additional noise, provided they 

achieve a critical mass of suitable settlement cues, co-locating with a supply of 

settlement competent pediveligers. However, the effects of ship noise playbacks on 

pediveliger behaviour and survival in the absence of suitable settlement substrate is a 

potential concern for the successful transport of larvae through noisy substrate-poor 

areas and may have impacts on long-distance transport and connectivity between O. 

edulis populations. Many areas of the Northeast Atlantic, such as the English Channel, 

Norwegian Trench, port surroundings, offshore installations and shipping channels have 

a median annual broadband (63-4000 Hz) shipping noise pressure levels exceeding 

120dB re 1 μPa (Farcas et al., 2020). The oyster larvae in this study were exposed to 

similar broadband levels, peaking at 120-124dB re 1 μPa, so the sound exposures used 

are relevant to real-world conditions. 

This is the first study to our knowledge to assess the effects of additional 

anthropogenic noise, characteristic of ship noise, on the settlement behaviour of oyster. 

There are, however, demonstrated effects of natural oyster reef associated sound on 

Eastern oyster, C. virginica settlement (Lillis et al., 2015). The distinct soundscape 

associated with C. virginica reefs is likely due to associated sound producing fish 
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species (e.g. Oyster toadfish Opsanus tau and croaker spot Leiostomus xanthurus) and 

snapping shrimp, rather than the presence of the oysters themselves ((Lillis et al., 

2014)). Due to the scarcity of O. edulis across its natural range ((Airoldi and Beck, 

2007; Gercken and Schmidt, 2014)), locating an existing reef with a great enough size 

and density to promote the residence of associated biophonic fauna would be 

challenging, but if a field recording of an O. edulis reef can be obtained and verified to 

be sonically distinct from surrounding non-reef areas, future research of this sound on 

settlement behaviour may be warranted. 

Biofilm stone was the only substrate to induce significant settlement in this 

study, with 77-81% of pediveligers settling, compared to 0-0.04% on bare-plastic over a 

96.75 hour period. Here our results closely align with work carried out by Rodriguez-

Perez et al. (2019), who found that 81% of O. edulis larvae settled on biofilm stone 

whilst 0% settled on bare-plastic. We have therefore further shown that habitat-relevant 

biofilms, taken from areas known to harbour adult oyster (both C. gigas and O. edulis in 

this case) are sufficient to produce good settlement. Biofilms are complex, multispecies 

assemblages that vary in their composition according to age and location (Hadfield, 

2011). As O. edulis larvae settle gregariously, attractive biofilms are likely to contain 

markers that either signal, or are characteristic of, the presence of conspecifics (Unabia 

and Hadfield, 1999). The settlement inducing effect of biofilm on oyster larvae is 

known to depend on cues from specific bacterial taxa present within the film (Campbell 

et al., 2011), and therefore the suitability of biofilms as a settlement substrate may vary 

according to the site and age/stability of biofilms present. The exact components of 

biofilm that cause a settlement inducing effect for O. edulis have not yet been 

determined (Rodriguez-Perez et al., 2019). There is extensive literature on the 

settlement inducing effects of biofilm for a wide range of taxa (Bao et al., 2007; Simith 

et al., 2013, 2017) and a range of bacteria-associated chemicals are known to increase 
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the settlement of O. edulis (Mesías-Gansbiller et al., 2013). We have shown here that 

additional environmental anthropogenic noise, characteristic of ship noise, is 

insufficient to alter pediveliger settlement rate in the presence of suitable biofilm and in 

the absence of natural reef sounds. The lack of effect could be attributed to either of the 

following causes: (1) O. edulis larval settlement behaviour is not meaningfully affected 

by underwater sound of the type presented in this study or (2) The strength of the 

settlement induction effect of suitable biofilm masks any noise-induced behavioural 

changes that may have otherwise impacted settlement. The implication for O. edulis 

restoration projects in the North Sea, is that there is currently no evidence that 

settlement-competent pediveligers that find themselves in close association with 

suitable substrate will not attach and metamorphose at rates independent of shipping 

noise levels in the area. Restoration project managers that can secure important 

settlement parameters (e.g. hydrodynamic regime, critical mass of suitable settlement 

substrate (biofilms or conspecifics), minimal fishing disturbance of the seabed (Gercken 

and Schmidt, 2014)) and a reliable supply of O. edulis pediveligers to site, do not 

currently need to consider any settlement effects of localised levels of boating traffic 

noise at a prospective restoration site as an additional factor, based on current evidence. 

A note of caution is that we did not consider natural reef sound in this study, due to the 

current scarcity of sufficiently dense O. edulis beds to sample audio from. Unlike other 

oyster species (e.g. Lillis et al. (2015)), it is still unknown whether O. edulis reefs 

produce a distinct soundscape and whether this is used as settlement cue for larvae. If 

this is the case, then it is possible that shipping noise could mask this auditory 

settlement cue (Clark et al., 2009). 

Whilst no effect of ship noise playbacks on settlement rate was observed, there 

were clear effects of sound playbacks on larval swimming behaviour and survival of the 

larvae that had not settled by the end of the experiment (in the bare-plastic treatment). 
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90% of the non-settled pediveligers survived for the 96.75-hour experimental duration 

in the treatment group with bare-plastic substrate and ambient sound playback, whilst 

only 73% survived in bare-plastic wells under ship noise playback conditions, and ship 

noise exposed pediveligers’ survival declined more rapidly after approximately 60 

hours of experimental time. O. edulis larvae can delay metamorphosis in the absence of 

favourable settlement conditions (Cole and Jones, 1939; Cole and Knight-Jones, 1949; 

Rodriguez-Perez et al., 2019), exemplified by the fact that the majority of non-settled 

larvae survived the duration of this experiment. This ability to delay metamorphosis, in 

favour of encountering more suitable substrate elsewhere, is likely to be adaptive, 

providing fitness benefits in O. edulis’ recent evolutionary history (Pawlik, 1992). 

However, since the distribution range and population density of O. edulis has so 

drastically contracted over recent history (in evolutionary terms) (Airoldi and Beck, 

2007; Gercken and Schmidt, 2014; Thurstan et al., 2013), it is not clear in the present-

day context whether this behaviour continues to confer fitness benefits. For the 

settlement-delaying strategy to be more successful than indiscriminate settling, it is 

necessary that individual survival remains sufficiently high during the delay phase, 

thereby outweighing the cost of increased mortality during the delay (e.g. through 

increased exposure time to predators) with the increased fitness prospects of surviving 

larvae that settle in chemically desirable locations (high densities of conspecifics and 

associated biofilms). Given that some restoration projects observe large inter-annual 

variation in recruitment success, despite receiving good pediveliger supply and making 

efforts to optimise settlement substrate on-site (Korringa, 1946; Low et al., 2007), the 

significant increase in mortality of ship-noise exposed non-settled larvae after 60 hours 

has the potential to further shift the balance towards settlement failure in a scenario 

where larvae are dispersing through busy shipping areas with little suitable settlement 

substrate.  
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Our results, if replicable in the field with real-world shipping noise, suggest that 

busy shipping lanes and the noise they produce in the North Sea may act to limit both: 

1) dispersal distance of O. edulis pediveliger larvae and 2) settlement success in noisy 

areas with low densities of adult O. edulis or suitable biofilm. It should be noted that 

this study focused only on pediveliger larvae – as it is the key stage at which ‘settlement 

decisions’ are made. Given the impacts of noise playbacks observed at this stage, 

further work considering the effects of underwater sound on earlier larval stages and 

post-settlement O. edulis is warranted. If noise induced impacts occur earlier in 

development, this may have further implications for long distance O. edulis transport 

dynamics. 

The data generated in this study underline the importance of good connectivity 

between different O. edulis restoration projects. Ideally, the European O. edulis 

restoration effort should be working towards a scenario where a given restored oyster 

bed is not only able to successfully seed itself with enough spat to maintain and expand 

the bed, but is also able to export planktonic larvae to adjacent restored populations 

(with those populations in turn providing larvae to other populations) – thereby securing 

a continuous network of O. edulis across the North Sea and beyond, with good gene-

connectivity between sub-populations within the network. Gene-connectivity is a vital 

component of sessile shellfish restoration (Gaffney, 2006); As previously scarce O. 

edulis beds are restored, likely from hatchery-reared spat, there is a danger of producing 

oyster beds with high genetic homogeneity, as hatchery techniques tend to reduce allelic 

richness and heterozygosity (Lallias et al., 2010). This low genetic diversity could result 

in populations that are more susceptible to present-day and future stressors such as 

predation, fishing mortality, disease and increasing temperatures. This is of particular 

concern in a scenario where restoration projects reintroduce oysters to their previous 

extent using hatchery stocks, forming oyster beds comprising millions of individuals 
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with comparatively small effective population sizes. In combination with selectively 

engineering genetic diversity/desirable phenotypic traits into hatchery reared O. edulis 

spat for restoration projects, well thought-out spatial distribution of restoration projects 

will be needed to promote gene-flow between restored beds in a scenario where high 

levels of shipping noise and low levels of suitable substrate may limit larval dispersal 

distances. 

 

Where successful recruitment of O. edulis larvae from offsite beds is uncertain 

due to geographical or environmental factors, establishment of a self-recruiting 

population is necessary for long term viability of a reintroduced population. Self-

recruitment of larvae is an important mechanism for sessile bivalve populations to 

persist through time (Paris and Cowen, 2004). This mechanism is of particular 

importance to the gregarious O. edulis due to its reproductive life history strategy. O. 

edulis is a protandrous, alternating hermaphrodite, with successive sex changes 

throughout its life span. The timing of sex changes varies between individuals according 

to temperature and food availability within a population (Mann, 1979), which can lead 

to deviation from a 1:1 sex ratio. A male to female ratio as high as 6:1 has been 

recorded in wild populations (Eagling et al., 2018; Kamphausen et al., 2011). A skewed 

sex ratio of this magnitude can lead to scarcity of one gamete type acting as a limiting 

factor for successful fertilisation. Further, whilst functional male O. edulis are broadcast 

spawners, functional females use their inhalant siphon to capture sperm within the 

mantle cavity where eggs are brooded for up to 15 days prior to release. This viviparous 

female strategy places greater importance on the close proximity of male O. edulis to 

provide sperm to adjacent females than in oviparous broadcast spawners such as the 

Pacific oyster Crassostrea gigas (Thunberg, 1793) (Helmer et al., 2019). Taken 

together, these life history characteristics have been proposed to cause O. edulis to 
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suffer from Allee effects, where individual oysters in a bed that is below a critical size 

and density are likely to experience reduced fitness (through inability to fertilise 

gametes), leading to reduced recruitment to the bed as a whole (Low et al., 2007). For 

long-term persistence, an oyster bed must therefore be of a sufficient density to enable 

successful broadcast fertilisation and be of a sufficient bed size and oyster density to 

retain released larvae for settlement upon the parental bed. Recent evidence shows that 

O. edulis larvae favour close association with the substrate, as opposed to swimming in 

the water column or at the surface, at least in laboratory tanks with the absence of water 

currents (Rodriguez‐Perez et al., 2020). This behaviour indicates a larval preference for 

limited dispersal as the close association with the substrate would increase the chances 

of entrapment and retention of larvae within the complex 3D structuring of a natal 

oyster bed, leading to subsequent self-recruitment to the parent population. However, in 

most prospective reintroduction sites, current velocities are likely to override any 

demersal preferences of the larvae, with current speeds of >15 cm s-1 thought to be 

sufficient to resuspend and disperse larvae from the seabed (Jonsson et al., 1991). 

Our results, showing reduced activity and survival of pediveligers in noisy 

conditions in the absence of suitable settlement substrate, further emphasize the need for 

any reintroduced oyster population to achieve the critical size and density required to 

retain released larvae for self-recruitment. This presents a dilemma for restoration 

projects where the number of oysters available for reintroduction will likely be limited 

by cost or supply: A small, dense O. edulis bed is likely to achieve good fertilisation 

rates, but may lose much of its larvae to the prevailing seabed currents. A larger, less 

dense bed will provide more suitable settlement substrate over a wider area (allowing 

for greater drift of larvae with currents) but will suffer reduced fertilisation rates in turn.  

The key knowledge gap for O. edulis restoration efforts in the North Sea is 

therefore: what size and density of an oyster bed is required to reach the critical mass 
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required for larval retention and self-recruitment? Estimates for success have ranged 

from 800,000 to 10,000,000 oysters (Korringa, 1946; Low et al., 2007), but the true 

value will vary from site to site. A greater understanding of (1) larval dispersal (ideally 

models incorporating both larval behaviour and hydrodynamics) and (2) how the 3D 

structuring of a dense oyster bed may reduce current flow at the boundary layer thereby 

promoting larval retention, will allow restoration projects to assess the long-term 

feasibility of O. edulis reintroduction/restoration. Our results give further urgency to 

addressing this knowledge gap as it may be more prudent to first focus on promoting 

larval retention and self-recruitment in restored O. edulis beds before working towards 

inter-population larval exchange networks, e.g. in a North Sea environment, where 

anthropogenic noise may be acting to alter larval behaviour and survival during 

dispersal. The results presented here should provide the impetus for further work on 

different sound sources, noise levels, life stages and follow-on field experiments to 

further build a picture of how, why and when noise impacts O. edulis larvae and to what 

extent these effects are of concern to international O. edulis restoration efforts. 
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Chapter 7 

Multi-generational effects of anthropogenic noise on the water 

flea Daphnia magna 

 

Abstract: 

There is growing evidence that acute anthropogenic noise can negatively impact aquatic 

invertebrates. However, whether the exposure of parents to noise affects the responses 

of offspring, and how this is modified over generations is an important consideration 

when thinking about how noisy environments may impact populations and ecosystems 

in the long term. This laboratory study utilised underwater speakers to expose the water 

flea Daphnia magna (L.) to playbacks of boat noise or ambient lake sound (control) 

over a period of four generations and key life history parameters (time-till-maturity, 

reproductive output, survival, and time-till-starvation) were compared between sound 

groups. Boat noise playbacks caused significant developmental delays and reduced 

reproductive output compared to ambient sound controls, but only after two generations 

of repeated exposure. This highlights the importance of long-term studies of this type, 

as an acute noise study observing a single generation would likely have concluded that 

boat noise impacts do not meaningfully impact D. magna. Fourth generation individuals 

reared in control conditions after three generations of boat noise exposure retained a 

reduced reproductive output, demonstrating that noise impacts can be transmitted from 

parent to offspring and persist for at least one generation. These findings suggest that 

anthropogenic noise impacts on aquatic invertebrates require consideration at a 

multigenerational time scale. D. magna has been demonstrated to be a good candidate 

for future epigenetic noise impact studies. Further investigation of the mechanisms 

underlying these impacts, and their transferral to offspring is needed. 
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7 - Introduction 

7.1 - Daphnia magna 

Daphnia or the ‘water flea’ is a freshwater planktonic crustacean genus 

belonging to the order Cladocera. The body of Daphnia species (spp.) is enclosed by a 

chitinous carapace which has a fold down the midline, giving a bivalved appearance. 

Daphnia spp. have 7 pairs of appendages which are, from anterior to posterior: 

Antennules (sensory antennae); antennae (Large second antennae used for locomotion), 

maxillae; mandibles, 5 thoracic appendage pairs (Figure 7.1). The thoracic appendages 

form an apparatus for feeding and respiration, whilst the large branching antennae are 

used for swimming. 

Daphnia spp. are found in almost all types of standing water, from lakes to 

ponds, on every continent. They are primary consumers of phytoplankton, although as 

generalists they can opt to feed on benthic detritus, giving an advantage over obligate 

pelagic filter feeders where drivers of planktonic community structure are variable.  

Daphnia spp. grazing has a greater impact on phytoplankton abundance than any other 

zooplankton in lake systems (Lampert et al., 1986; Sarnelle, 1993) and is the primary 

driver of seasonal increases in lake water transparency, known as ‘clear-water’ phases, 

resulting from shifts in the producer-consumer dynamics (Hairston et al., 2005; 

Sarnelle, 2005). Daphnia spp. are also a key food source for secondary consumers, their 

high P content making them highly nutritious (Elser et al., 2000) and a preferred prey 

source. (Drenner et al., 1978; Hambright and Hall, 1992). The combined roles of 

greatest primary consumer, nutrient cycler and source of food to secondary consumers 

give Daphnia spp. a uniquely important ecological linkage role in many lake 

ecosystems and they have been described as ‘keystone species’ for this reason (Ives et 

al., 1999). Daphnia spp. possess a range of phenotypic adaptations ranging from 

morphological to physiological to behavioural that modify the strength the of interaction 
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in each of their ecological roles (e.g consumer vs prey species) and these phenotypic 

traits show both developmental plasticity and heritability ((Cousyn et al., 2001)). 

Daphnia magna (Straus, 1820) is the largest herbivorous cladoceran, with adults 

reaching 4- 5 mm total length. It is widely distributed across the Northern Hemisphere. 

Under favourable conditions, it reproduces via cyclical parthenogenesis; females 

produce a clutch of diploid clonal female eggs after every moult if food availability 

permits. These eggs hatch in the brood chamber, located dorsally beneath the carapace 

(Figure 7.1). The hatched embryos develop internally for ~3 days (at 20 oC) before 

being released by the mother as juvenile daphniids. Male offspring are only produced in 

response to low temperature, short daylength, crowding and low food density (Kleiven 

et al., 1992). Increasing numbers of male neonates coincides with the production of 

haploid ephippial ‘resting eggs’ which require fertilisation before being shed on the 

subsequent moult and deposited on the sediment. Thus, the sex ratio and reproductive 

mode (asexual to sexual) in D. magna is environmentally determined. 
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Figure 7.1 Morphology of an adult female Daphnia magna (L.). Image taken from 

Ebert (2005). 
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7.2 - Daphnia magna as a model organism 

D. magna has a relatively short lifespan (7-8 weeks at 20 OC) and typically 

reaches maturity in 5-10 days (at 20 OC), allowing for entire lifespan analyses of 

stressor effects to be carried out under controlled laboratory conditions. Due to its size 

(adults at ~5 mm being small enough to be reared in small volumes yet large enough to 

observe with the naked eye), ease of culture and short life span, D. magna is extensively 

used as a freshwater invertebrate model in toxicology studies (Tkaczyk et al., 2021). D. 

magna also has well documented phenotypic plasticity in response to predators and 

environmental variables. Kairomones (water-borne chemicals released by predators) 

induce the formation of morphological features such as ‘helmets’ (cranial extensions of 

the exoskeleton) and ‘neckteeth’ (small protrusions on the neck region accompanied by 

a strengthened carapace) in many developing Daphnia species, which are known to 

reduce predation rates (Tollrian et al., 2015). Chemical toxicants have also been shown 

to reduce growth and fertility via epigenetic mechanisms (Vandegehuchte et al., 2010). 

This phenotypic plasticity has led to proposals for the use of D. magna as a model for 

the study of environmental impacts on epigenetic developmental programmes (Harris et 

al., 2012). 

Perhaps the most useful and unique trait of D. magna for use as a model 

organism to study environmental stressors such as underwater noise, is the ability to 

utilise its parthenogenic mode of reproduction in laboratory cultures, enabling the 

production and long-term maintenance of clonal lines to provide genetically identical 

test subjects for the stressor study of interest. This allows for the removal of genetics as 

a confounding factor; any differences in response variables between treatments can be 

attributed to either: 1) direct impact of the noise treatment on the test subjects and/or 2) 

resultant epigenetic factors of noise exposure (if early development or multiple 

generations are included within the observation period of the study). The ability of 
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individual females reared in isolation to reproduce parthenogenetically also allows for 

reproductive timing, fecundity, and death schedules to be measured accurately and 

precisely. Birth and death rates can then be calculated in the absence of density 

dependence to model how stressor impacts may manifest themselves at the population 

level in the field. 

The two most widely used ecotoxicology tests on D. magna are the Organisation 

for Economic Co-operation and Development’s (OECD) ‘Test No. 202: Daphnia sp., 

Acute Immobilisation Test’ and ‘Test No. 211: Daphnia magna Reproduction Test’ 

(OECD, 2004, 2008). The standard OECD Reproduction Test is a 21-day life cycle test, 

to investigate the effects of chemicals on the developmental timing and reproductive 

output over a single life cycle (< 24 hour female neonate to 21-day old female adult) 

(OECD, 2008). Offspring produced during this single-generation test can be collected 

and reintroduced to the same experimental conditions as the parent test subjects, which 

enables an investigation of whether, and how, chemical impacts change over multiple 

generations. This has allowed researchers to demonstrate how stressors that are 

seemingly ‘low-harm’ when inflicted on a single generation can increase the severity of 

their impacts over subsequent generations (Alonzo et al., 2008; Brennan et al., 2006), 

with some impacts retained in downstream generations even when the stressor is 

removed (Heyland et al., 2020). Based on the successful utilisation of D. magna as a 

model for multi-generational chemical impacts on a freshwater planktonic crustacean, it 

can be argued that it is also a strong candidate model organism for experiments 

assessing: (1) chronic impacts of anthropogenic noise on multiple generations of 

planktonic invertebrates; (2) carry-over effects of anthropogenic noise exposure (e.g. 

mother transferring noise-induced impacts to offspring). Due to their wide distribution 

across the Northern Hemisphere, there will undoubtedly be populations of D. magna 
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that are frequently exposed to anthropogenic noise e.g. narrowboats in canals or 

recreation/fishing vessels in large lakes.  

This study assesses the impacts of anthropogenic noise playbacks on the 

survival, time-to-maturity, reproductive output and offspring survival of D. magna, 

extending the observational time to encompass four generations. 

7.2 - Methods 

7.2.1 - Daphnia magna and algal cultures 

A starter culture of D. magna was purchased on 31/08/2020 and housed in the 

‘Aqualab’ at Edinburgh Napier University. The Aqualab is an insulated temperature and 

light-controlled room, with soundproofing to isolate the room from the noise from other 

laboratories. The D. magna culture vessels were separated from the below shelving 

surface by anti-vibrational matting to minimise the transfer of vibration from any 

surrounding activities. 

To ensure that all experimental animals were genetically identical across 

multiple generations, it was necessary to establish a clonal culture from the starter 

culture. This was achieved by isolating a single adult female from the starter culture on 

15/09/2021 which then contributed to the new clonal culture via cyclical parthogenesis. 

After contributing offspring to the clonal culture, the original female was viewed under 

a microscope to ensure the species was D. magna, as opposed to similar species such as 

D. pulex.  The presence of a deeply embayed dorsal margin of the postabdomen, ridges 

on either side of the top head shield mid-line and a lateral rib almost extending to 

posterior of carapace were used as defining characteristics (Benzie, 2005).  

D. magna cultures were reared in synthetic freshwater at a temperature of 20 oC 

(± 0.1 oC) with a 16:8 h light cycle (1100 Lux at water surface during light periods).  

The synthetic freshwater was made up following the United States Environmental 
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Protection Agency protocol for ‘Hard Synthetic Freshwater’ (United States 

Enviromental Protection Agency, 2002), as recommended in OECD (2008) (Table 7.1; 

Table 7.2), as synthetic water mixes with hardness over 140 mg CaCO3 equivalent have 

been shown to produce good reproductive performance. Synthetic water was aerated for 

a minimum of 24 hours in the temperature control room before use, to ensure chemical 

additives had fully dissolved and to allow temperature to reach 20 oC. 

D. magna cultures were fed three times a week (Mon, Weds, Fri) with a 

suspension of Chlorella vulgaris (Beijerinck 1890) at a rate of 0.15 mg C/Daphnia/day 

(C = Organic carbon). C. vulgaris was cultured in Jaworski’s medium (Appendix B) at 

20 oC (± 0.1 oC) with an 18:6 h light cycle. Prior to each feeding session, the carbon 

content of the cultured C. vulgaris was determined by measuring absorbance at 685 nm 

using a Hach D2800 bench spectrophotometer and was then diluted to the feeding 

concentration of 0.15 mg C/Daphnia/day. 
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Table 7.1 Preparation of synthetic hard freshwater by adding reagent grade chemicals to 

deionised water. 

Compound Reagent Added (mg/L)1 

NaHCO3 192.0 

CaSO4•2H2O 120.0 

MgSO4 120.0 

KCl 8.0 

                                                    1Reagent grade chemicals added to deionized water 

 

Table 7.2 Final water quality of prepared synthetic hard freshwater. 

Water Quality Parameters1 

pH 8.2 

Hardness 1702 

Alkalinity 1152 

1Measured after 24 h of aeration 
2Expressed as mg CaCO3 equivalent 
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7.2.2 - Sound Recordings and Playback 

Two experimental sound exposure groups were compared: ferry noise and 

control. The audio used for these sound playback groups was compiled from sound 

recordings taken from Lake Windemere, UK (54° 22′ N, 2° 56′ W; altitude 39 m) in 

November 2014 by Bolgan et al. (2016). Acoustic recordings of the arrivals and 

departures of a passenger ferry were collected from the Bowness Pier (54°21.746’ N, 

002°55.415’ W). Recordings of ambient sound levels in the same location with no 

ferries nearby were also taken. 10 minute recordings were taken as .wav files using a 

calibrated omni-directional hydrophone Aquarian H2a (sensitivity -180 dB re 1 V/Pa; 

frequency response 10 Hz-100 KHz) connected to a ZoomH1 recorder (sampling rate 

44.1 kHz, 16-bit). The hydrophone was attached to a 1.5 m metal pole, which was 

anchored to the lake bottom with a concrete base. The hydrophone was tied to the 

approximate midpoint of the metal pole, giving an elevation from the lake bottom of 

0.70 m. For further details of the field recording methods used, see Bolgan et al. (2016). 

To produce the ‘ferry noise’ experimental sound track, audio of a single ferry 

arrival and departure from the Bowness Pier was replicated to match the schedule of 

said ferry (Bolgan et al., 2016), with the sections between this period filled with 

ambient sound taken from the Bowness Pier recording. For the first and last ferry of the 

day the track was cut so that it only contained the ferry leaving, or returning, 

respectively. This gave an audio track, with 4 ferry passages per hour from the hours of 

06:00 to 20:00. The time between each vessel passage consisted of looped ambient 

sound from the same location. For the remaining hours of the 24 hour cycle where no 

vessel passages occur, a 5 minute clip of ambient sound from Bowness Harbour was 

looped. To produce the ‘control’ audio track, this same 5 minute clip of ambient sound 

from Bowness Harbour was looped continuously. 
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Using Ableton Live Suite software and an M-Audio M-Track Quad, the two 

experimental audio channels (ferry noise and control) were played from a single Lenovo 

Thinkpad laptop (Playback sample rate: 96 kHz). Each audio track output from the M-

Track Quad was routed through a Pioneer A10-K Stereo Amplifier (2 x 50 W, 

frequency response: 20-20,000 Hz) amplifier to a DNH Sub Aqua 30 (30 W at 8 Ohms, 

Frequency response: 100 Hz - 20 kHz). (https://www.dnh.no/uploads/filer/365-

AQUA30.pdf). 

Experimental Daphnia were spatially positioned in sound exposure tanks as 

described in section 7.2.3. The received sound pressure levels at the position of each 

Daphnia were measured (HiTech HTI-94-SSQ with inbuilt preamplifier, Roland R-26 

24-bit recorder, calibrated according to (Merchant et al., 2015) and subsequently altered 

(through changes in amplification) to give desired exposure pressures. Particle 

acceleration was measured using a custom-built, calibrated sensor developed by the 

Aquatic Noise Research Group at Edinburgh Napier University (Wale, 2017). This 

accelerometer was chosen due to it’s small size, allowing recordings to be taken in 

small tanks and rearing vessels. The accelerometer output was recorded with a Roland 

R-26 24-bit recorder. Particle acceleration was recorded separately for all three axes and 

combined for a single analysis of total acceleration (scalar). 

Power spectral density graphs were produced in Matlab R201  for sound 

pressure using PAMGuide (Merchant et al., 2015) and for particle acceleration using 

paPAM. The Hann window type was used, with window length of 1 second, 50% 

window overlap and Discrete Fourier Transformation length of 48 kHz (Figure 7.2). 

Root mean square (RMS) sound pressure levels were used for comparisons of overall 

sound levels received at each rearing vessel location and this information was used to 

select a grouping of 14 rearing vessels with similar sound exposures to be used for 

experiments (Figure 7.3). 

https://www.dnh.no/uploads/filer/365-AQUA30.pdf
https://www.dnh.no/uploads/filer/365-AQUA30.pdf
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Figure 7.2 Representative power spectral density plots showing RMS levels of A) 

pressure and B) particle acceleration received by Daphnia magna (L.). Recordings 

were taken inside rearing cups C4 (see figure) in the centre of the array in control 

(blue line) and noise (pink line) tanks. DFT length: 48 kHz, recording lengths 30 s, 

Hann window length: 1 s. 

A 

B 



Chapter 7  | 219 
 

  E. L. Bolger 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.3 Sound exposure map showing RMS pressure levels (dB re: 1 µPa) 

received by Daphnia magna (L.) in A) noise tank and B) control tanks, averaged 

across the entire frequency domain to facilitate comparisons. Recordings were taken 

inside rearing vessels. Recording lengths 30s. Based on the observed sound cone 

across the noise tank rearing vessels (with higher received levels closer to the speaker 

and in the centre of the tank), A3, A4, B1-B6 and C1- C6 were used for experiments 

(black-bordered area) to minimise any differences in received levels and D. magna 

were repositioned randomly within this area at each water change to further reduce 

any differences in received levels. The same experimental area and random 

repositioning of D. magna was carried out in the control tank. 
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7.2.3 - Experimental set-up 

28 newly released 3rd brood, clonal D. magna neonates (<24 h) were transferred 

into polypropylene containers filled with 100 ml of synthetic freshwater (see table 7.1 

for recipe) to initiate the experiment at generation F1. These containers were distributed 

at random between two water bath tanks (noise and control, n = 14 in each tank). Each 

tank contained a rigid plastic platform upon which the daphnia rearing containers were 

placed. The platforms were built to a height at which the surface water in the cups was 

exposed to the air, allowing gas exchange whilst preventing water mixing between the 

containers and the water bath tank. The containers were placed at random positions on 

the platform within a pre-assigned grid (Figure 7.3). At each water change, rearing 

vessels were removed and replaced, once again, at random positions in the grid, so that 

the position of each larvae within the grid changed 3 times per week.  

The platform support legs rested on anti-vibrational rubber matting inside the 

tank and the tank itself was further isolated from surrounding vibration with a neoprene 

mat between the base of the tank and the shelving. The DNH Sub Aqua 30 speaker was 

suspended from above with transparent fishing line, with the speaker cone facing 

horizontally across the tank. The speaker support beam was surrounded with foam pipe 

insulation and rested across the top of the tank (Figure 7.4). The rearing vessel platform 

and the sound exposure speaker were situated at opposite ends of the tank (Figure 7.4).  
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Figure 7.4 Aquarium set-up for the multigenerational Daphnia magna (L.) noise 

exposure experiment. Tank inner dimensions: 788 x 528 x 306 mm. Centre of 

speaker cone placed 80 mm from the right tank wall and 150 mm from the tank 

floor. D. magna reared individually within 180ml clear polypropylene vessels, held 

150mm from the floor of the tank by a plastic mesh frame. 
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7.2.4 - Transgenerational experimental design 

28 newly released, 3rd brood, clonal D. magna neonates (<24 h) were used to 

initiate the first experimental generation F1 (noise n=14, control n=14). These daphniids 

were reared for a 21-day period, with daily observations for survival and reproduction 

(see sections 7.2.5.1 and 7.2.5.2), after which the experiment for that generation ended 

and the daphniids were removed from the experimental setup. D. magna neonates from 

the 3rd brood of F1 were collected and used to begin the next experimental generation 

F2. Noise exposed F1 females contributed 14 neonates which were then also reared in 

the noise exposure tank, whereas control F1 females contributed 14 neonates to F2 in 

the control tank. This process continued unchanged until generation F4, at which point a 

crossover was performed, whereby both the noise and control tanks were populated 

with: 1) 10 F4 neonates from control F3 females and 2) 10 F4 neonates from noise 

exposed F3 females. This allowed observation of the extent to which any noise-induced 

effects observed in generation F3 were reduced in F4 individuals reared in control 

conditions (Figure 7.5). At each generation, 10 D. magna neonates were collected at 

random from the 2nd broods of experimental females and were reared with no food to 

determine time-till-starvation. These individuals were reared in identical rearing vessels 

and water, but outside of the sound exposure tanks due to space constraints. 

7.2.5 - Data collection 

Each rearing cup was visually assessed daily for survival and reproduction. 

7.2.5.1 - Survival 

Animals that were unable to swim within 15 seconds, after gentle agitation of 

the test vessel, were deemed to be deceased. A mortality was recorded even when there 

was some slight movement of the antennae. In cases of a recorded mortality, this was 

verified post-hoc on the subsequent observation day. This was possible as the individual 
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turns an ‘off-white’ opaque colour in the 24 hours after mortality. If this didn’t happen 

and the animal was seen to be moving, the initial mortality recording would be revised, 

this was not required for this experiment however, as all animal mortalities were 

verified on the subsequent day.  

7.2.5.2 - Reproduction 

Rearing vessels were visually checked at 09:00 every day for the presence of 

neonates. Any released neonates were gently removed with a pipette. This allowed time 

till first reproduction (days) and subsequent daily reproductive output to be recorded 

over the 21-day testing period for each generation. 

7.2.5.3 - Starvation 

For each generation, 10 2nd  brood neonates (< 24 h old) were selected at random 

and reared outside of the sound exposure tanks in 180 ml containers. No food was 

provided to the animals and time till starvation was recorded. Animals were checked 

daily and mortality was defined as in Section 2.5.1. 

7.2.6 - Statistical analysis 

All statistical analysis was conducted using R version 3.2.4 (R Core Team, 

2017). For generations F1, F2 and F3, statistical comparisons were made between noise 

and control treatment groups. At generation F4, due to the crossover of noise-exposed 

and control lineages (See section 2.4 and Figure 7.5) 2-way comparisons were 

conducted between two factor groups: 1) Sound exposure (Noise vs control) and 

parental exposure (Pre-exposed vs naïve).  

7.2.6.1 - Survival 

The time-dependent mortality rates of different experimental groups were 

compared between treatment groups using a logrank test, testing against the null 
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hypothesis that survival curves are identical in the overall populations. For generation 4, 

the logrank test compared all groups as a single factor with four levels.  Survival curves 

for each experimental group were fitted and compared using a Kaplan-Meier survival 

analysis with the survival (Therneau, 2021) package in R version 3.2.4. 

7.2.6.2 - Reproduction 

Time to first reproduction (days) and total reproductive output (defined as the 

number of offspring produced over the 21-day test period) were compared between 

treatment groups using Mann-Whitney U tests for each generation. At generation F4, a 

two-way ANOVA was used to test for effects of both noise exposure and parental noise 

exposure on reproductive response variables. Tukey’s multiple comparisons tests were 

then carried out to test for differences between each factor level combination. 

7.2.6.3 - Starvation 

Time till starvation (days) of 2nd brood neonates was compared between 

treatment groups using Mann-Whitney U tests for each generation. At generation F4, a 

two-way ANOVA was used to test for effects of both noise exposure and parental noise 

exposure on reproductive response variables. Tukey’s multiple comparisons tests were 

then carried out to test for differences between each factor level combination. 

Monitoring growth and survival under starvation conditions is a standard method to 

assess the ability of aquatic invertebrate larvae to respond to nutritional stress under 

different conditions (Pechenik and Rice, 2001; Qian and Pechenik, 1998; Wehrtmann, 

1991; Yan et al., 2009). 

7.2.6.4 - Population projections 

As generation F4 was the final experimental generation in this study, the 

population growth rate was modelled from F4, forwards in time, with the assumption 

that the age-dependent survival and reproduction rates observed in F4 are maintained 
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into future generations. This assumption is based on some further assumptions: 1) Noise 

exposure continues to affect the age-dependent survival and reproduction of future 

generations in the same way as in F4, 2) No predation occurs, 3) No density-dependent 

effects on survival and reproduction occur. Population modelling was conducted for: 1) 

noise-exposed F4 individuals with a parental history of noise exposure and 2) control F4 

individuals with a parental history of control conditions. In this way, the models were 

emulating D. magna populations residing in noisy and quiet environments. 

For each group (noise and control), individuals were classified by age into 

classes with a width of 1 day, up to a maximum of 21 days (the experimental 

observation period) and the age-dependent survival and reproduction rates were 

calculated, resulting in the production of a Leslie matrix A with the following structure: 

𝐴 =

(

 
 

𝐹1 𝐹2 ⋯ 𝐹21
𝑃1 0 0 0
0 𝑃2 0 0
0 0 ⋱ 0
0 0 0 𝑃21)

 
 

 

Where Ft is the fertility rate at day t and Pt is the survival probability at day t. 

 The population size n at time t is given as:  

𝑛(𝑡 + 1) = 𝐴𝑡𝑛(𝑡) 

The stable age distribution and the dominant eigenvalue (which is equivalent to 

the finite growth rate (λ)) of each population model was calculated. Models were 

projected forwards in time for 100 days, starting with an initial population of 100 

individuals. The starting individuals were divided between age classes according to the 

calculated stable age distribution for each population. All analysis was carried out in R 

version 3.2.4.and stable age distribution and the dominant eigenvalue were calculated 

using the popbio package (Stubben and Milligan, 2007). 
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7.3 - Results 

7.3.1 - Survival 

Survival of D. magna over the 21 day testing period was generally greater than 

90% in all sound treatments, with the exception of noise exposed F2 group (85%). 

There were no differences in survival between experimental groups at any generation 

tested (F1: Χ2
(1) = 1, p = 0.3; F2: Χ2

(1) = 0, p = 1; F3: Χ2
(1) = 0.4, p = 0.5; F4: Χ2

(3) = 1, p 

= 0.8) (Table 7.3). 

 

 

 

Generation 
Sound 

Exposure 
Parental 
Exposure 

Survival 
(%) 

n 

1 Noise N/A 93 14 

1 Control N/A 100 14 

2 Noise Noise 93 14 

2 Control Control 93 14 

3 Noise Noise 86 14 

3 Control Control 93 14 

4 Noise Noise 90 10 

4 Control Control 100 10 

4 Noise Control 100 10 

4 Control Noise 100 10 

 

 

 

 

 

Table 7.3 Survival (%) of Daphnia magna (L.) over the 21-day testing period for 

each treatment group at each generation.  
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7.3.2 - Reproduction 

7.3.2.1 - Time to first reproduction 

No effect of boat noise playbacks on time to first reproduction was observed at 

generation F1 (the first generation of D. magna exposed to noise) (U = 82, p = 0.48). 

This apparent lack of noise exposure effect was not maintained over subsequent 

generations, with F2, F3 and F4 generations all exhibiting significantly delayed time to 

first reproduction when exposed to boat noise playbacks (F2: U = 38, p = 0.0047; F3: U 

= 54.5, p = 0.043; F4: U = 16, p = 0.0076) (Figure 7.6). 

At generation F4, the factor of parental history of noise exposure (naïve vs pre-

exposed) had a significant effect on time to reach first reproduction (Two-way ANOVA 

F(1,36) = 15.93, p < 0.01), whereas the sound exposure received by F4 daphniids (noise 

vs control) did not (Two-way ANOVA F(1,36) = 0.85, p = 0.36). The interaction between 

the factors of sound exposure received by F4 daphniids and parental sound exposure 

history was marginally insignificant (Two-way ANOVA F(1,36) = 3.39, p = 0.074) . 

Tukey’s post-hoc pairwise revealed that when exposed to noise, D. magna with a 

parental history of noise exposure took 18% longer to reach first reproduction than 

control group individuals with no parental history of noise exposure (p = 0.007) and 

22% longer than control group individuals with a parental history of noise exposure (p = 

0.001) (Figure 7.7). 
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Figure 7.6 Mean (± SE) time to first reproduction (days) of Daphnia magna (L.) in 

response to different sound playback treatments (boat noise and control) over 

multiple generations of exposure (F1 – F4). * indicates statistically different groups 

(*: p < 0.05, **: p <0.01) calculated using a Mann-Whitney U test. Fn indicates 

experimental generation. N = 14 for generations F1-F3 and N=10 for generation F4. 
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Figure 7.7 Mean (± SE) time to first reproduction (days) of generation F4 Daphnia 

magna (L.) with (pre-exposed) and without (naïve) parental history of noise exposure 

in response to different sound playback treatments (boat noise and control). * 

indicates statistically different groups (p < 0.05) calculated using a two-way 

ANOVA followed by Tukey HSD pairwise testing. N = 10 for each group. 
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7.3.2.2 - Reproductive output 

Reproductive output (total neonates released over the 21-day test period) 

showed similar generational trends to the results observed for time to first reproduction 

(Section 7.3.2.1).  No effect of boat noise playbacks on time to first reproduction was 

observed at generation F1 (U = 74, p = 0.28). However, boat noise playbacks 

significantly reduced reproductive outputs in subsequent generations (F2: U = 49.5, p = 

0.025; F3: U = 46, p = 0.015; F4: U = 21.5, p = 0.030) (Figure 7.8). 

At generation F4, the factor of parental history of noise exposure (naïve vs pre-

exposed) had a significant effect on reproductive output (Two-way ANOVA F(1,36) = 

9.49, p = 0.004), whereas the sound exposure received by F4 daphniids (noise vs 

control) did not (Two-way ANOVA F(1,36) = 0.12, p = 0.73). There was no interaction 

between the factors of sound exposure received by F4 daphniids and parental sound 

exposure history (Two-way ANOVA F(1,36) = 1.19, p = 0.28) . Tukey’s post-hoc 

pairwise revealed that under control conditions, D. magna with a parental history of 

noise exposure had 19% fewer offspring than control group individuals with no parental 

history of noise exposure (p = 0.027) (Figure 7.9). 
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Figure 7.8 Mean (± SE) offspring produced over a 21-day period by Daphnia magna 

(L.) in response to different sound playback treatments (boat noise and control) over 

multiple generations of exposure (F1 – F4). * indicates statistically different groups 

(p < 0.05) calculated using a Mann-Whitney U test. Fn indicates experimental 

generation. N = 14 for generations F1-F3 and N=10 for generation F4. 
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7.3.3.3 - Starvation 

No effect of boat noise playbacks were observed on time-to-starvation of 2nd 

brood neonates at any generation (F1: U =  43, p = 0.62; F2: U = 41, p = 0.51; F3: U = 

46, p = 0.79; F4: U = 45.5, p = 0.75) (Figure 7.10). 

 

 

 

 

Figure 7.9 Mean (± SE) offspring produced over a 21-day period by generation F4 

Daphnia magna (L.) with (pre-exposed) and without (naïve) parental history of 

noise exposure in response to different sound playback treatments (boat noise and 

control). * indicates statistically different groups (p < 0.05) calculated using a two-

way ANOVA followed by Tukey HSD pairwise testing. 
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Figure 7.10 Mean (± SE) time to starvation (days) of Daphnia magna (L.) neonates 

(2nd brood) produced by females reared in different sound playback treatments (boat 

noise and control) over multiple generations of exposure (F1 – F4). * indicates 

statistically different groups (p < 0.05) calculated using a Mann-Whitney U test. Fn 

indicates experimental generation. N = 10 for all groups. 
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7.3.3.4 - Population projections 

D. magna population growth was projected using Leslie matrices computed for 

generation F4 individuals. Noise exposed F4 populations with noise exposed parental 

lineages were compared to control F4 populations with control parental lineages – 

thereby modelling the likely trajectory of population growth if both populations 

remained in noisy or control conditions (assuming no predation or density dependent 

reductions in population growth). 

The projected noise-exposed and control populations had dominant eigenvalues 

(representing finite population growth rates (λ)) of 1.27 and 1.33 respectively. Noise 

exposure reduces growth rates; Starting from 100 individuals at stable age distribution, 

the noise exposed group reaches a population size of 13.72 million after 50 days, 

whereas the control group reaches a population size of 120.67 million. 

 

Figure 7.11 Population projections for generation F4 Daphnia magna (L.) reared in 

noise-exposed and control environments, with an initial population size of 100 

individuals at stable age distribution. Population projections applied on Leslie 

matrices. 
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7.4 - Discussion 

To knowledge, this is the first study to assess the chronic impacts of underwater 

noise across multiple generations on any animal. Underwater anthropogenic noise is 

increasing globally and its potential impacts on aquatic ecosystems is a growing 

concern (de Soto, 2016; Popper and Hastings, 2009; Williams et al., 2015). Acute 

exposures to noise can be useful in determining the threshold noise levels at which 

harms occur and how they manifest (e.g. behavioural change or physiological stress) 

(e.g. (de Soto et al., 2013; Kastelein et al., 2017; Wale et al., 2019), but studies utilising 

these types of exposure often do not provide information as to whether an organism is 

able to acclimate or habituate to the stressor over time. Whether an organism’s response 

to noise changes over time, and whether the long-term effects of noise change over 

multiple generations is crucial information when attempting to understand how noisy 

environments may be impacting wild populations over the long term, as has been 

similarly argued for a range of other stressors/pollutants (Li et al., 2017; Stark et al., 

2004; Wennergren and Stark, 2000). 

 

7.4.1 - Acute noise exposure results in no major changes to observed life history 

parameters of naïve Daphnia magna over a single generation 

No significant effects of boat noise playbacks were observed on the life history 

traits (survival, time to maturity and reproductive output) of D. magna at generation F1. 

If taken in isolation, these results would suggest that noise of the character and intensity 

used in this experiment is insufficient to impact the ‘fitness’ of D. magna as it pertains 

to a laboratory setting with no food limitation or predation. The fact that noise impacts 

do occur in later generations, as discussed below, highlights the vital importance of 

long-term studies of this type to fully understand the impacts of noise in the field. 
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4.2. Noise exposure impacts the life history parameters of Daphnia magna over multiple 

generations 

Whilst no effects of noise occurred over a single generation, time to maturity was 

delayed and reproductive output reduced over subsequent generations of noise exposed 

D. magna. The magnitude of these impacts remained relatively consistent over 

generations F2, F3 and F4, suggesting that any impacts of noisy environments on D. 

magna in the wild are likely to be stable over time. The fact that no changes were 

observed in the initial generation F1 suggests that the noise exposure impact mechanism 

either occurs: 1) directly upon developing embryos in the mother’s brood pouch; 2) via 

a cue passed from noise-exposed mother to developing embryo or 3) by altering the 

mother’s energetic investment into developing embryos. If the 3rd hypothesis was true, 

the time to starvation of the offspring of noise exposed mothers would be expected to 

differ from control mother offspring. D. magna neonates with high maternal lipid 

content can survive starvation up to twice as long as neonates with low lipid content 

(Tessier et al., 1983). This is not what was observed however, with no differences in 

time till starvation of the offspring of any group, at any generation. Taken with the fact 

that generation F4 neonates with noise-exposed mothers showed delayed maturity times 

and reduced reproduction even in control conditions, compared to control neonates with 

control parental lineages, this gives weight to the 1st and 2nd hypotheses. Either noise 

exposure negatively impacts D. magna embryonic development directly, which has 

been observed for mollusc embryos (de Soto et al., 2013; Nedelec et al., 2015), or via a 

cue passed on from the mother, a noise impact route that has never been demonstrated 

to date. Exposure of D. magna to silver nanoparticles has been shown to produce 

reproductive output reductions and increases in anti-oxidant gene expression that persist 

over two further unexposed generations (Ellis et al., 2020), and 5-azacytidine, a 

chemical known to affect DNA methylation in animals (a key epigenetic mechanism 
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(Harris et al., 2012)), reduces DNA cytosine methylation of both directly exposed  D. 

magna and two further unexposed generations (Vandegehuchte et al., 2010). These 

studies demonstrate the possibility for transgenerational inheritance of environment-

induced epigenetic changes in nonexposed subsequent generations. 

Regardless of the impact mechanism, a key finding of this study is that long term 

anthropogenic noise exposure can impact key life history parameters of D. magna. 

Seemingly small changes to survival and reproductive rates can lead to large changes in 

population growth dynamics, particularly in organisms that have relatively short 

lifespans and generational turnover (Holgate and Caswell, 1990). This is exemplified by 

the fact that control group D. magna are modelled to have a population size an order of 

magnitude larger than noise exposed D. magna after 50 days (120.67 million as opposed 

to 13.72 million). In the wild, unrestricted population growth of the type used in this 

model would not occur due to predation and density-dependent life history parameters, 

but the model nevertheless demonstrates the potential for noise to impact population 

growth.  Daphnia spp. are dominant grazers of phytoplankton and drive the seasonal 

‘clear-water’ phase (caused by removal of phytoplankton) observed in many freshwater 

systems (Lampert et al., 1986). As a preferred prey species, they form a key trophic 

linkage between planktonic producers and predatory fish and invertebrates. Reduction 

of Daphnia population growth in a lake may therefore result in a greener lake (with 

associated water quality reductions), a delayed clear-water phase, and reduced prey 

availability for freshwater fish. Thus, subtle sublethal noise effects on Daphnia may 

drive significant impacts on entire lake ecosystems. The population modelling displayed 

here should be interpreted with caution however, as of course in real-world systems the 

complexity of noise impacts, interacting with other stressors, and potentially impacting 

numerous species in varying ways must be considered. For example, additional 

environmental sound reduces the feeding rate of damselfly larvae on daphnia 
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(Villalobos et al., 2017). In this way, reduced availability of D. magna as a prey source 

due to noise induced reductions in growth and reproductive output reported here may be 

coupled with impaired abilities of predators to successfully consume D. magna, further 

exacerbating the reduction in trophic linkage between phytoplankton and secondary 

consumers. 

 

7.4.3 - Future directions 

Given the negative noise impacts on D. magna demonstrated in this study, and the 

species’ high suitability as an epigenetic model organism (Harris et al., 2012), further 

work is warranted to investigate any epigenetic changes that may be occurring due to 

noise exposure, and the mechanisms by which they are retained by future generations. 

Multi-generational noise impacts are a novel area of research and this study may 

provide the foundation for the emergence of D. magna as a model organism for such 

research. 

This study observed the potential for recovery of noise exposed D. magna 

lineages over a single generation (F4). A single generation of control conditions was not 

sufficient for response variables to return to levels comparable to the control group. 

Further work ought to be done, extending the number of unexposed generations to 

observe how long noise-induced effects persist in populations after exposure is ceased. 

Finally, combined with the results presented in this study, such follow-up 

laboratory studies would provide good grounds to refine the scope and identify the 

response parameters of interest for field experiments to test whether the observed 

laboratory results transfer to real-world populations of D. magna living in noisy 

conditions in the field.  
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Chapter 8 

Synthesis 

In this thesis, the current trends in invertebrate stressor research have been 

reviewed and existing literature concerning the responses of early life invertebrates to 

underwater sound analysed. Based on these analyses, knowledge gaps have been 

identified, namely: 1) Whether, and how, the early life history stages of most 

ecologically and commercially important taxonomic groups respond to noise exposure; 

2) To what extent noise impacts can be extrapolated across different taxa and 3) 

Whether, and how, noise-induced impacts carry over from one life stage to the next, or 

from one generation to the next. Here, these knowledge gaps have been addressed in a 

series of experimental laboratory trials. Firstly, focusing on 5 model species, this thesis 

has shown that 4 of the 5 were significantly and adversely affected by anthropogenic 

noise playbacks to varying degrees, evidencing that anthropogenic noise can impact the 

biology of varied taxonomic groups of invertebrates even before adult life stages begin. 

When exposed to the same noise playback regimes, the larvae of the taxonomically 

relatively close relatives Nephrops norvegicus (L.) and Homarus gammarus (L.) 

(Nephrops and Homarus being the only two genera in the family Nephropidae (true 

lobsters)) had markedly different responses, highlighting the need for caution if 

attempting to generalise noise induced impacts across seemingly similar groups. Loligo 

forbesii (Steenstrup, 1857) embryos increase their oxygen consumption rate in response 

to acute noise and Ostrea edulis (L.) larvae have reduced survival and lower active 

swimming behaviour in the presence of noise and absence of preferred settlement 

substrate.  Using Daphnia magna (Straus, 1820) as a model species, for the first time 

the multi-generational impacts of anthropogenic noise on an aquatic invertebrate have 

been described. The data produced in this thesis has broadened understanding of how 
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anthropogenic noise impacts commercially and ecologically invertebrates at sensitive 

early life stages and D. magna has emerged as a promising candidate for a model 

species for multi-generational noise impact research i.e. the epigenetic effects of noise 

and this manifests across generations. 

8.1 – Main findings 

The analysis of trends in stressor research focussing on early life aquatic 

invertebrates over the previous 20 years (see chapter 2) has shown that the impacts of 

noise remains an understudied field (only 3% of all stressor studies over the previous 

decade), with greater attention paid to stressors such as temperature and chemical stress 

(34% and 29% of studies over the previous decade respectively). Further analysis of the 

aquatic invertebrate sound impact literature has revealed that only 37% of studies have 

focused on the early life stages. The majority of these early life studies have focused on 

the effects of natural sounds on larval settlement (43%), orientation (21%) and 

behaviour (21%). The following knowledge gaps were identified:. Firstly, the effects of 

anthropogenic noise exposure on early life aquatic invertebrates in the medium to long 

term remains largely unknown, particularly with regard to temperate species. Secondly, 

no studies have yet considered the potential for anthropogenic noise impacts to carry 

over across life history stages in aquatic invertebrates. There is a need to address these 

knowledge gaps in the context of increasing anthropogenic noise levels in many aquatic 

systems and protective legislation such as the MSFD that needs an evidence base to 

inform its implementation.  

The effects of anthropogenic noise on early life stage aquatic invertebrates were 

investigated for a total of five model organisms comprising both marine and freshwater 

species, N. norvegicus (Family: Nephropidae), H. gammarus (Family: Nephropidae), L. 

forbesii (Family: Loliginidae), O. edulis (Family: Ostreidae) and D. magna (Family: 
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Daphniidae). These species represented a wide range of invertebrate taxonomies, 

phenotypes, and life history strategies, both in their larval and adult lives.  

N. norvegicus and H. gammarus (see chapters 3 and 4 respectively) were chosen 

to represent the early life stages of mobile benthic Nephropidae crustaceans colloquially 

known as ‘true lobsters’, with both species developing via three planktonic larval stages 

before metamorphosing into benthic juveniles. Larval N. norvegicus exhibited delayed 

development when reared in ship noise playback treatments. Developmental delays 

occurred in both Busy (12 hours of ship noise playbacks per 24 hours) and Occasional 

(3 hours of ship noise playbacks per 24 hours), with the delays occurring later in 

development in the Occasional group compared to the Busy (increased zoeal stage III 

duration, compared to increased zoeal stage II duration, respectively). Naïve larvae 

(having never experienced experimental ship noise playbacks) increased oxygen 

consumption during acute noise exposure, evidencing a stress response. In contrast, pre-

exposed larvae reduced their oxygen consumption when subjected to an additional noise 

exposure, indicating that larvae can alter their behavioural responses over repeated 

exposures, rather than habituating. Noise-induced impacts carried over from larval to 

juvenile stages, with juvenile N. norvegicus reared in noisy conditions showing greatly 

reduced ability to perform repeated tail-flicking escape-responses compared to the 

control group. This could be due to a reduction in energy reserves in the tail muscles as 

a consequence of changes in energy investment due to noise stress, or, alternatively the 

noise impacted juveniles could have developed impaired or desensitised particle motion 

sensory systems that did not respond to the hydrodynamic changes caused by an 

approaching anterior object. No effects of anthropogenic noise were observed on the 

presence of oxidative stress biomarkers in juvenile N. norvegicus, indicating that noise 

impacts were not severe enough to significantly alter metabolism and release ROS as a 

result. 
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Unlike N. norvegicus, H. gammarus larvae exhibited no changes to developmental 

rate in response to anthropogenic noise. Due to low survival in all treatments, follow-on 

experiments on juveniles were not possible. 

Eggs/embryos of the squid L. forbesii (see chapter 5) were chosen as an early life 

stage representative of highly mobile, predatory, neritic cephalopod species. Of all 

invertebrate taxa studied, adult cephalopods so far have the greatest body of evidence 

supporting their ability to detect, respond to, and be negatively impacted by underwater 

sound. In contrast to its adult mode of life, early life L. forbesii develops in sessile egg 

strands for 1-2 months and is therefore unable to move away from unwanted noise for 

this period. Like N. norvegicus, naïve L. forbesii embryos significantly increased 

oxygen consumption in response to noise, however this was stage-dependent, with no 

effect of noise observed on embryos that were almost ready to hatch (possibly due to the 

effect being masked by the pre-hatching increase in oxygen consumption across all 

treatment groups). 

Larvae of the oyster O. edulis were chosen as early life stage representative 

models for sessile bivalves. The settlement rate and success of settlement-competent O. 

edulis pediveliger larvae were unaffected by ship noise noise playbacks, regardless of 

whether they were reared in proximity to preferred settlement substrate or not. 

However, the survival and active swimming behaviour of O. edulis larvae were 

significantly reduced by ship noise when suitable settlement substrate was absent. 

The water flea D. magna was chosen as a model for a freshwater species as: 1) it 

is omnipresent in many lake systems and plays key ecological roles in these systems 

and 2) it has desirable characteristics for a multi-generational noise impact model 

species. Anthropogenic noise playbacks both significantly delayed the development of 

newly hatched D. magna and reduced reproductive output compared to ambient sound 

controls, but only after two generations of repeated exposure. Fourth generation 
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individuals reared in control conditions after 3 generations of boat noise exposure 

retained a significantly reduced reproductive output, demonstrating that noise impacts 

can be transmitted from parent to offspring and persist for at least one generation. 

In summary, the complementary set of laboratory experiments conducted here has 

revealed a range of adverse anthropogenic noise-induced effects impacting the early life 

stages of a diverse group of invertebrate model species. Notably, it was demonstrated 

that impacts can be carried over from larvae to juvenile, as in the case of N. norvegicus 

or from mother to offspring as in the case of D. magna. The experimental findings, 

summarised in terms of the hypotheses generated in section 2.3.3 are as follows: 

 

H1: Underwater noise will increase the oxygen consumption of the exposed early life 

stages of the study species (chapters 3 and 5) 

Finding: Hypothesis is accepted for N. norvegicus zoeae and L. forbesii embryos 

H2: Underwater noise will delay the development of the exposed early life stages of the 

study species (chapters 3, 4 and 7) 

Finding: Hypothesis is accepted for N. norvegicus zoeae and D. magna, rejected for H. 

gammarus zoeae 

H3: Underwater noise will reduce the survival of the exposed early life stages of the 

study species (chapters 3 – 7) 

Finding: Hypothesis is accepted for O. edulis pediveligers in the absence of preferred 

settlement substrate. Rejected for all other species. 

H4: Underwater noise will increase oxidative stress biomarker levels of the exposed 

early life stages of the study species (chapter 3) 

Finding: Hypothesis is rejected for N. norvegicus juveniles 
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H5: Underwater noise will change the behaviour of the exposed early life stages of the 

study species (chapters 3 and 6) 

Finding: Hypothesis is accepted for N. norvegicus juveniles (reduced escape responses) 

and O. edulis pediveligers (reduced swimming activity) 

H6: Underwater noise will reduce the larval settlement rate of the exposed early life 

stages of the study species (chapter 6) 

Finding: Hypothesis is rejected for O. edulis pediveligers (in the absence of natural reef 

sounds) 

H7: Underwater noise will reduce reproductive output/fecundity of the exposed early 

life stages of the study species (chapter 7) 

Finding: Hypothesis is accepted for D. magna, over multiple generations 
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8.2 - Implications 

Having addressed the knowledge gaps identified (chapter 2) with a series of 

controlled laboratory experiments (chapters 3-7, findings summarised in section 8.1), 

the resultant implications, both in terms of future research needs and regarding policy, 

are summarized below for all study species and respective experimental outcomes. The 

relative cause for concern of each experimental finding is summarised in figure 8.1 and 

the implications of the findings for each model species is summarised in figure 8.2. 

The findings of noise impacts on the development, behaviour, and physiology of 

N. norvegicus larvae (chapter 3) highlight the urgent need to consider invertebrate 

larvae as receptors of noise pollution. By tracking the chosen larval response parameters 

over the entirety of their planktonic development (zoeal stages I, II and III), it was 

possible to determine the effects of repeated noise exposure on the survival and 

development of a sensitive life planktonic stage which has been described as a 

bottleneck allows a clearer picture of the likely biological significance of noise exposure 

to be developed than would be possible if acute exposure experiments were used in 

isolation. By combining acute effects of noise (increased oxygen consumption of noise 

exposed zoea), with chronic effects (delayed larval development and reduced escape 

response stamina in juveniles), this thesis has produced a holistic understanding of an 

organism that is stressed by loud environments in its early life stages and these impacts 

not only impair development but carry over into reduced anti-predator behaviour 

beyond the larval stages. If replicated in the field this would possibly lead to critical 

changes in recruitment success to an already pressured fishery species. 

The lack of noise impacts on the development of the H. gammarus (like N. 

norvegicus a member of the Nephropidae family) larvae (chapter 4) highlights the 

difficulty in extrapolating noise impact findings between invertebrate species. Hearing 
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sensitivities and behavioural responses are likely to be highly adapted according to the 

particular life history strategy that a species adopts, so divergent responses to noise. 

The increase in oxygen consumption of developing L. forbesii embryos (chapter 

5) indicates that their statocysts are already competent to sense noise and cause changes 

in physiology even prior to hatching. These results complement the impacts of noise on 

behaviour and statocyst damage that have been observed in adult squid, building a 

picture of an animal that can be impacted by anthropogenic noise throughout its entire 

life cycle. Managers may wish to consider this information if noisy short-term 

construction projects are planned to be conducted during time periods when L. forbesii 

eggs strands are developing locally. 

The lack of observed negative effects of ship noise playbacks on the settlement 

rate of O. edulis pediveligers (chapter 6) means that there is currently no evidence to 

suggest that O. edulis restoration projects across the North-East Atlantic (see Pogoda et 

al. (2019)) should expect an impaired settlement rate of O. edulis pediveligers as a 

result of localised boating traffic noise. This is of course provided that they can secure a 

reliable supply of larvae and ensure that other important settlement prerequisites such as 

suitable substrate (e.g. dead oyster shells (cultch)) and biofilms are present. However, 

the reduced swimming activity and survival of noise-exposed O. edulis larvae in the 

absence of suitable substrate, if present in the field also, would impact their transport 

over areas of e.g. the North Sea with poor settlement substrate and busy shipping lanes. 

The main recommendation based on the experimental findings, is that restoration 

managers should aim to promote retention of released larvae in their restored beds by 

increasing the 3-D complexity and settlement surface area of the sea floor with the 

addition of cultch and manage expectations for long distance larval transport (and the 

genetic-flow benefits this may bring) until a substantial network of close proximity 

restored reefs is achieved.  
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The fact that noise impacted D. magna (see chapter 7) showed no observable 

impacts of anthropogenic noise until the second generation of exposure highlights the 

importance of long-term studies of this type, as an acute noise study observing a single 

generation would likely have concluded that boat noise impacts do not meaningfully 

impact D. magna. 4th generation individuals reared in control conditions after 3 

generations of boat noise exposure retained a reduced reproductive output, 

demonstrating that noise impacts can be transmitted from parent to offspring and persist 

for at least one generation. These findings are the first to suggest that anthropogenic 

noise can elicit multigenerational impacts on aquatic animals. This has implications for 

the ecological dynamics of freshwater systems, as the population growth of this key 

microalgae grazer and prey species over the spring and summer may be delayed in noisy 

systems. The effects this may have on predator species is further complicated by the fact 

that they themselves could be impacted by noise (Villalobos et al., 2017). The multi-

generational impacts of noise observed on D. magna has implications for the wider 

noise impact research field. Even taxa where the impacts of noise are thought to be 

well-understood, such as marine mammals, have not to my knowledge been investigated 

for multi-generational noise impacts, quite understandably given the long life-spans and 

difficulty in quantifying the extent to which highly mobile parents and offspring have 

been exposed to noise in the field. D. magna has therefore emerged as a convenient and 

potentially fruitful model organism to begin explorations in this area. 

Taken together, the effects of underwater noise playbacks on aquatic invertebrates 

reported in this thesis, ranging from reduced survival to no effect, can be summarised in 

terms of cause for concern as in figure 8.1. The increase in O2 consumption by N. 

norvegicus and L. forbesii in response to acute noise playbacks, whilst a concern (as this 

is indicative of a stress response), is ranked lower than other impacts as it is difficult to 

extrapolate from an acute increase in metabolism to long term negative effects. 
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Following the same reasoning, the developmental delays observed in D. magna and N. 

norvegicus are ranked as higher concern due to their chronic nature and the increased 

likelihood of predation occurring before an individual can reproduce. The reduction in 

survival of O. edulis pediveligers in response to noise playbacks (and in the absence of 

preferred settlement substrate) is ranked higher still, due to reduced survival being 

deemed of more concern to wild populations than developmental delays. Finally, the 

greatest causes of concern are the reduced reproductive output of D. magna and the 

reduced escape response stamine of N. norvigus. In the case of D. magna if the reduced 

reproductive output occurs in the wild, then as a result of D. magna’s key role as both 

prey species and microalgae grazer, the entire freshwater ecosystem may be affected, 

with reductions in preferred prey species for predatory invertebrates and fish and 

increases in microalgae in the system, possibly altering water quality. In the case of N. 

norvegicus the stark reductions in the escape responses juveniles reared in noisy 

conditions is of great concern, as the impact on individual fitness (increased predation) 

is clear and the fact that individuals retain negative impacts beyond the larval stages is 

also of critical importance (figure 8.1).  

The impacts observed for all model species in this thesis can be used to inform 

legislative decision makers and managers of the effects of anthropogenic noise on early 

life invertebrates. In turn, decision makers could combine the results reported here with 

knowledge of the spatial distribution of anthropogenic noise in the field, to estimate the 

extent to which impacts may be occurring and generate strategies and further research to 

uphold their commitments to limiting the impacts of noise on the marine environment.  
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8.3 – Future directions 

The work produced in this thesis provides a foundation to continue research in 

several directions. Firstly, the experimental setups utilising individual rearing of larvae 

whilst simultaneously exposing them to the same sound playback source has proven to 

be an effective method for investigating noise impacts on early life invertebrates. 

Researchers who wish to further explore the responses of early life aquatic invertebrates 

to underwater sound can adapt and replicate these methods for use with a wide range of 

invertebrate larvae, as there are many ecologically important species yet to be 

investigated in this way. Experimental set-ups using communal rearing of larvae have 

tended to produce very high mortality rates (personal observation). One limitation of the 

methods used here however was the extra effort needed for changing the water and 

adding food to each individual vial by hand, which of course limits maximum sample 

sizes and time available for testing of additional response parameters. Given that noise 

effects can be subtle, future work should aim to replicate sample sizes utilised here (e.g. 

chapter 3). Development of reliable automated feeding and water change systems, 

whilst costly, would allow for this work to be carried out more efficiently. 

The work conducted on N. norvegicus, L. forbesii, O. edulis and D. magna has 

shown biologically significant noise impacts affecting mortality, reproduction, 

developmental rate, behaviour, and physiology. Future work could attempt to unravel 

the mechanistic pathways via which these observed impacts occur, either through 

further exploration of biochemical stress marker levels or changes in gene expression. 

Researchers could also transfer some of the analyses used in this thesis to trials in 

the field, where noise impacts can be observed in a natural environment. Whilst this 

poses numerous challenges of its own, the results the experimental laboratory work 

conducted here can help refine the scope of field experiments, identify the noise sources 

and levels of interest, and highlight appropriate response parameters. 
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Whilst anthropogenic noise has been the focus of this thesis, there are a range of 

other potential stressors in the aquatic environment that could not only cause impacts in 

addition to noise stress, but may also interact with noise in potentially unexpected ways. 

Stressors can combine in ways that are additive, synergistic (more than the sum of their 

parts), antagonistic (less than the sum of their parts) or potentiometric (where a non-

stressor facilitates the action of another stressor) (Côté et al., 2016). Further work that 

takes into account the interaction between multiple stressors, including noise, is 

urgently needed to elucidate the likely overall impacts of a complex and stressful 

aquatic environment. 

Given the multigenerational impacts of anthropogenic noise on D. magna and its 

high suitability as a model organism (e.g. quick generational turnover, clonal mode of 

reproduction, ease of rearing), there is great potential for future work to begin utilising 

D. magna as a model organism for both the multi-generational impacts of noise and the 

epigenetic impacts of noise. 
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Appendices 

Appendix A – Standard Operating Procedures 

Appendix A.1 – Glutathione (GSH) 

Reduced glutathione (GSH) in gill tissue homogenates is determined according to Smith 

et al. (2007)[11], adapted from Owens & Belcher (1965)[40]. Briefly, to each well of a 96-

well microtiterplate are added (in triplicate) 20 µl gill tissue homogenate, 20 µl 10 mM 

nitrobenzoic acid (DNTB), 260 µl assay buffer (100 mMol K2HPO4, 5 mMol EDTA, pH 

7.5), 20 µl 2 U ml-1 glutathione reductase (GR). The reaction is then initiated by the 

addition of 20 µl NADPH and absorbance measured at 412 nm after 6 minutes against a 

5-20 µMol GSH standard and total GSH expressed as µMol mg protein-1. 

 

References 

Smith, C.J., Shaw, B.J., Handy, R.D., 2007. Toxicity of single walled carbon nanotubes 

to rainbow trout (Oncorhynchus mykiss): Respiratory toxicity, organ pathologies, and 

other physiological effects. Aquatic Toxicology 82, 94-109. 

Owens, C.W.I., Belcher, R.V., 1965. A colorimetric micro-method for the determination 

of glutathione. Biochemical Journal 94, 705-711. 

 

GR from Sigma G3664 (168 U/mg protein – 2.77 mg protein in 0.22 ml) = 1:1000 

dilution (assay buffer) for 2 U ml-1. 
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Appendix A.2 – Thiobarbituric acid reacting substances (TBARS) 

Background 

 

Measurement of thiobarbituric acid reacting substances (TBARS) is one of the most 

widely used procedures for evaluation of free radical-mediated oxidation of biological 

systems containing polyunsaturated fatty acids (PUFA). Lipid peroxidation can be 

viewed as a series of reactions in which first dienes are formed, followed by lipid 

hydroperoxides (LOOHs), finally terminating with the fragmentation of the PUFA 

chains to carbonyl compounds that are TBARS (Camejo et al., 1998). 

 

Reagents 

1 mol/L butylated hydroxytoluene (2,6-Di-O-tert-butyl-4-methylphenol) (BHT in 

ethanol) 

PBS 1 mmol/L EDTA (pH 7.4) 

50% (w/v) trichloroacetic acid (TCA) in distilled water 

1.3% (w/v) thiobarbituric acid (TBA) in 0.3% (w/v) NaOH 

0.5–25 nmol 1,1,3,3-tetraethoxypropane (TEP in ethanol) (1 mol=220.31 g L-1) 

 

Method 

 

Standard preparation 

Stock TEP: 1 mol=220.31 g L-1; 97% 

919 g L density 

919*0.97/220.3 =  4.046 M/l 

 

1) 10ul of TEP Stock in 10ml = 4.046 mMol

c1 v1 c2 v2

final volume

2) 4.046uM 10ul of 1 101.15uM 400ul

3) 100uM 100ul of 2 25.29uM 400ul

4) 25.29uM 200ul of 3 15.19uM 333ul

5) 15.19uM 150ul of 4 5.06uM 450ul

6) 5.06uM 200ul of 5 2.53uM 400ul

7) 2.53uM 100ul of 6 0.51uM 500ul

=

 

 

To each well in a 96-well microtiterplate add (in triplicate): 
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Add 40 µl 0 - 25 µmol TEP 

10 µl BHT 

140 µl PBS 

50 µl TCA 

75 µl TBA 

 

Homogenize tissue by hand (using a glass homogenizer) on ice in 5 volumes PBS 

 

To each well in a 96-well microtiterplate add (in triplicate): 

40 µl of homogenate  

10 µl BHT 

140 µl PBS 

50 µl TCA 

75 µl TBA 

 

Incubate at 60°C (60 min) and cool on ice 

 

Record absorbance first at 530 nm and second at 630 nm. 

 

𝐴𝑏𝑠 = 𝐴530𝑛𝑚 − 𝐴630𝑛𝑚 

 

Determine total protein concentration in homogenate (Bradford, 1976). 

 

Prepare a BSA standard stock solution (1 mg l-1) 

Prepare a dilution series (1, 0.8, 0.6, 0.4, 0.2, 0 mg l-1) 

Pipette 10 μl of each standard dilution to five separate wells. 

Pipette 290 μl of Bradford reagent. 

Incubate for 5 mins, read absorption at 595 nm. 

 

 

Pipette 10 μl of each homogenate into 5 replicate wells 

Homogenates will probably need diluting 1:10 

Pipette 290 μl of Bradford reagent. 

Incubate for 5 mins, read absorption at 595 nm. 
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𝑇𝐵𝐴𝑅𝑆 =
𝐴𝑏𝑠

𝑃𝑟𝑜𝑡𝑒𝑖𝑛
µ𝑚𝑜𝑙𝑚𝑔𝑝𝑟𝑜𝑡𝑒𝑖𝑛−1 

 

If diluted, multiply the homogenate protein calculations by the dilution factor! 

 

References 

Bouskill, N. J., Handy, R. D., Ford, T. E. & Galloway, T. S. (2006). Differentiating 

copper and arsenic toxicity using biochemical biomarkers in Asellus aquaticus 

and Dreissena polymorpha. Ecotoxicol. Environ. Safety 65: 342-349. 

Bradford, M. M. (1976). A rapid and sensitive method for quantification of microgram 

quantities of protein utilizing the principle of protein-dye binding. Analyt. 

Biochem. 72: 248-254. 

Camejo, G., Wallin, B. & Enojärvi, M. (1998). Analysis of oxidation and antioxidants 

using microtiter plates. In Free Radical and Antioxidant Protocols. Methods in 

Molecular Biology. D. L. Armstrong ed(s), vol. 108: 377-386. Humana Press 

Inc., Totawa, NJ,. 

Smith, C. J., Shaw, B. J. & Handy, R. D. (2007). Toxicity of single walled carbon 

nanotubes to rainbow trout (Oncorhynchus mykiss): Respiratory toxicity, organ 

pathologies, and other physiological effects. Aquat. Toxicol. 82: 94-109. 
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Appendix A.3 – Catalase (CAT) 
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Appendix A.4 – Glutathione peroxidase (GPx) 
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Appendix A.5 – Superoxide dismutase (SOD) 
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Appendix B – Jarowski’s Medium Recipe 
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Appendix C – Pictures used 

 

All watercolour paintings and drawings used for the chapter title pages in this 

thesis have been produced by Sophie Lane specifically for this thesis, except for the 

veined squid image (chapter 5) which is modified from a public domain image 

originally produced by Jatta di Guiseppe (1896) in Cefalopodi viventi nel Golfo di 

Napoli (sistematica), Berlin: R. Friedländer & Sohn. 




