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SUMMARY 

This report describes the outcome of a project commissioned by Rijkswaterstaat aimed to develop a policy 

supporting advice on how to assess the impact of impulsive noise on marine life in the North sea. The project 

builds upon previous international work in this field. Underwater noise is a transnational problem which can 

only be handled through international co-operation. Alignment of methods and discussions on the merits and 

drawbacks of various options in the assessment framework are therefore crucial.  This assessment will 

provide input to the international discussion on how Good Environmental Status (GES) for impulsive noise 

can be assessed and will be used for the reporting obligations to OSPAR and for the Marine Strategy 

Framework Directive (MSFD) in the North Sea. 

The report was written by experts from Rijkswaterstaat, TNO, WMR and Arcadis.  It describes the 

implementation of a method proposed by OSPAR (Merchant et al. 2018a) to assess the impact of impulsive 

noise on marine life.  In the study a stepwise assessment framework is applied and evaluated through case 

studies on impulsive noise assessment. 

This project showed that the framework is useful in determining effects of impulse noise on indicator species.  

The stepwise assessment provides a clear and structured approach to assessing impulsive noise and 

consists of 10 steps. For each step the procedures were followed as closely as possible, and limitations were 

identified. The major steps are the identification of indicator species for the assessment, the choice or 

calculation of effect distances for those species and the interpretation of the final outcome (risk curves and 

risk indicators). 

Despite its usefulness, our study showed that there are a number of important shortcomings of the method 

that require further discussion and research. Firstly, the selection criteria proved difficult to apply to select 

species. Based on literature on existing criteria for selecting indicator species,  a set of selection criteria were 

chosen to enable the selection of indicator species to be used in this study. It proved difficult to fully apply all 

the criteria in the final species selection. In practise there is a lack of knowledge and data for many marine 

species found in the North Sea. Therefore, species were chosen based on the best data availability and 

suitability. The process and final selection of the indicator species was the result of  discussions among  

experts and has been well documented in this report. This resulted in the selection of the harbour porpoise, 

the harbour seal and Atlantic cod as indicator species. Due to a general lack of data for invertebrates only 

species of higher trophic levels could be chosen for this study. This means that the indicator species choice 

is highly biased towards species at a higher trophic level.  

For all three species data on distribution and habitat were collected and gathered into distribution maps. 

These were made for the determined assessment area, an extension of the Dutch North Sea, and time 

frame, 2015 ï 2017 as at the start of the project for these years information was available in the impulse 

noise register. Based on data from the impulse noise register pressure maps were made that were combined 

to form exposure maps. These could not be created for harbour seals as data proved unsuitable. 

An important input needed to create these pressure and exposure maps, is the distance from the source at 

which effects on the indicator species can be shown (the effect distance). Even for the relatively well-studied 

species considered here, documented effect distances can be used. However our study showed that  effect 

distances are often not available or validated for the environment in which they are applied.  

In order to determine effect distances sound propagation models  can be used. However these models 

require dose-response curves and our study has shown that for most species these curves are lacking. In 

recent years most knowledge on impulse noise has been acquired through projects for offshore wind energy 

with pile driving. However sound propagation from seismic surveying  requires further validation. It is 

plausible that the same framework can also be applied to seismic surveying, but different components need 

validation, like propagation modelling, dose-effect curves, duration of disturbance and its effect on animal 

fitness. 

With the data from the exposure maps, risk curves and risk indicators were created. The use of risk curves 

and risk indicators to evaluate the Good Environmental Status seems to be useful to combine both the 

spatial and temporal aspects of the exposure to underwater noise as required by the Marine Strategy 

Framework Directive. However more experience is needed in the use of these curves and more examples 
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need to be generated to understand their meaning. These examples should cover more species and more 

variation in noise exposure. 

The MSFD requires that the status of the ecosystem is assessed, and not the exposure of individual animals. 

The requirement can be translated into the effect on the population of the indicator species or on the 

suitability of the habitat for the species under the exposure to noise. Translating the exposure curves for 

harbour porpoise and cod could not be done within the current project, but this could be possible in the 

future. 

To translate the effect of underwater noise from individual animals to population consequences various 

models are available. The two most popular approaches that have been developed are the iPCoD model and 

the DEPONS model. There is currently no clear preference for either model. To include the changes in 

animal distribution due to the exposure to impulsive noise now also Individual Based Models (IBM) are under 

development for other species. 

Currently, lack of information on both species distribution, abundance, habitat use and their behavioural 

response to impulsive noise is one of the major problems identified in the impulse noise assessment. 

Dedicated research targeting identified data gaps should be carried out. Beside a general lack of information, 

there is a specific lack of spatial information and available GIS data. Therefore, internationally available data 

should be collated and analysed together in a joint effort. 
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1 INTRODUCTION 

1.1 Underwater noise 

Sound is a common phenomenon in the underwater marine environment and is vitally important for many 

marine animals. For many marine animals, the auditory senses are very important for survival, which is 

especially true in areas of their habitat where visibility is very low due to high turbidity (for instance in the 

Wadden sea) or due to the absence of light (for instance in the open ocean).Many marine animals use sound 

to navigate, find food, communicate with potential partners, perceive danger and as a warning against 

various threats. For example, many marine mammals use echolocation to detect their prey, certain fish 

species produce a variety of sounds with their swim bladders to communicate, and  some invertebrates can 

make loud sounds to deter potential enemies and communicate with each other. 

Underwater sound is much less attenuated than airborne sound therefore marine sound carries over larger 

distances than sound in air. For example, in the deep ocean, the low frequency sound of certain whale 

species may carry over thousands of kilometres and in a shallow sea, like the North Sea, sound can easily 

travel tens of kilometres. This makes sound a very effective communication channel and a source of 

information about the environment, location, and behaviour of marine animals.  

Underwater sound is a transnational phenomenon since sound sources, sound propagation and the affected 

animals cross marine boundaries of the national exclusive economic zones (EEZ). The many human 

activities that contribute to sound in the North Sea are also crossborder activities. Some of the sources are 

localized (pile driving and explosions), but other sources are mobile (shipping and seismic surveys). Even 

sound from localized sources can cross borders and become a multinational disturbance. 

Many of the terms related to underwater sound are defined by ISO 18405:2017. Unless indicated otherwise 

OSPAR adopts ISO 18405:2017 as a starting point. Furthermore, definitions are compatible with those 

adopted by EU Member States in connection with MSFD (TG Noise; Dekeling et al., 2014; update 2020 in 

prep.).  

In this report the term ñnoiseò is used when discussing sound that has the potential to cause negative 

impacts on marine life. The more neutral term ñsoundò is used to refer to the acoustic energy radiated from a 

vibrating object, with no particular reference for its function or potential effect. ñSoundsò include both 

meaningful signals and ñnoiseò which may have either no particular impact or may have a range of adverse 

effects (From: ñTowards thresholds for underwater noiseò, TG Noise in preparation, 2020). 

Underwater noise can generally be divided into two categories: impulsive and continuous. Impulsive noise 

has a short duration and is caused by activities like pile driving, seismic surveying, explosions and sonar 

activity. Continuous noise has a longer (continuous) duration and is caused amongst others by shipping and 

operational wind farms. This project only considers impulsive noise. 

 

1.2 Background and activities 

In 2008 the European Commission approved the Marine Strategy Framework Directive (MSFD: 2008/56/EC), 

requiring all EU Member States, to reach or maintain a Good Environmental Status (GES) by 2020.  

ñMarine strategies shall apply an ecosystem-based approach to the management of human activities, 

ensuring that the collective pressure of such activities is kept within levels compatible with the achievement 

of good environmental status and that the capacity of marine ecosystems to respond to human-induced 

changes is not compromised, while enabling the sustainable use of marine goods and services by present 

and future generations.ò Article 3, MSFD 

This ecosystem approach means that the effects on the whole ecosystem should be assessed and not the 

effects on individuals. In practice for underwater noise the effects on the population of key species or on the 

habitat for those species will be assessed. 
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GES is described by eleven descriptors and all the Member States must set criteria and methodological 

standards for each descriptor in their marine waters. Member States are required to define the GES they 

use. In the framework directive underwater noise is marked as a pollutant. Descriptor 11 focuses on the 

energy in the marine environment, including underwater noise and describes two types of underwater sound, 

divided into two indicators: 

Å loud, low and mid frequency impulsive sounds (D11C1) and  

Å continuous low frequency sound (D11C2).  

The EU/MSFD Technical Group on Underwater Noise (TG Noise) is commissioned to further develop the two 

indicators of underwater sound. Currently TG Noise is working on the development of a common 

methodology to assess potential effects of underwater noise, as a first step towards development of 

Threshold Values for D11C1 and D11C2. 

Member States (MS) should take measures to ensure that GES is achieved and maintained, and this should 

be monitored as well. Policy makers need to manage the environmental risks related to underwater noise. In 

a 6-year cycle the marine environment should be assessed for all 11 descriptors. Descriptor 11 relates to 

energy, including underwater noise and is subdivided into two criteria, one for impulsive noise (D11C1) and 

one for continuous noise (D11C2). 

The MSFD also requires that member states co-ordinate their activities on a regional level through regional 

sea conventions to reach GES. For the North Sea this is coordinated through the OSPAR Convention. In the 

last decade much work has been done on underwater noise. For this project the relevant activities were 

performed within the EU working group TG Noise (Technical Group), the OSPAR group ICG Noise 

(Intersessional Correspondence Group) and national work related to offshore wind energy. 

TG Noise 

TG Noise is a technical group under the Common Implementation Strategy of the MSFD to give an expert 

advice to the European Commission. An important report by TG Noise is the Monitoring Guidance (Dekeling 

et al., 2014) which was published in 2014. An updated version is expected in 2020. At this moment TG Noise 

is also preparing a publication on threshold values (TG Noise 2020). In Figure 1 the workflow for TG Noise to 

arrive at threshold values is depicted. At this moment TG Noise has arrived at step 4. This project is mainly 

related to the activities in box 4 of Figure 1. 

 

Figure 1: Workflow of TG Noise for its work on threshold values. 
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OSPAR ICG Noise 

The OSPAR working group ICG Noise is looking at the following topics: 

Å Monitoring of underwater noise 

Å Developing an assessment framework, defining indicators and assessment of noise 

Å Inventory of mitigation measures 

For the monitoring of impulsive noise a registry has been developed at ICES (International Counsel of 

Exploration of the Sea). The register contains all activities that produce impulsive noise. This registry plays 

an important role in this framework and will be analysed in more detail in chapter 3 of this report. At this 

moment the registry contains data from the years 2015 till 2018. 

A pressure indicator has been developed by ICG Noise to assess the pressure by impulsive noise on the 

environment (described in CEMP Guidelines (EIHA 2017)). It is expected that an indicator for the órisk of 

impactô for impulsive noise will be adopted by OSPAR in 2020. The stepwise assessment framework, that is 

described in this report, follows this proposal closely. 

Assessment framework for Offshore wind energy (NL) 

Rijkswaterstaat developed a framework to assess the cumulative impact of the piling activities for offshore 

wind farms (Heinis, et al., 2019). The framework also follows the stepwise approach proposed by OSPAR 

and uses the interim PCOD model, developed in 2013 by SMRU Marine and the University of Saint 

Andrews, to estimate population effects as an extra final step in the framework. 

 

1.3 Purpose of the project 

The proposed assessment framework by OSPAR has not been applied often, and only with a very limited 

dataset and applied for a limited number of species. Therefore, its practical use still has to be proven and 

experience has to be gained. The Netherlands wishes to get hands-on experience itself. 

The purpose of this project is therefore to present policy supporting advice on how to assess impulse noise 

impact for the MSFD in the North Sea. In the study the stepwise assessment framework is applied and 

evaluated through case studies on impulsive noise assessment. The outcome of this project can be used to 

improve the proposal for a risk-of-impact indicator by ICG Noise. 

The project intends to build on previous international work in this field and to gain experience in 

implementation of the assessment framework. Different elements of the framework will be evaluated and 

several case studies will be applied in order to assess:  

Å Whether the framework can be implemented practically. 

Å Where methodological errors or data gaps occur. 

Å Whether the approach matches scientific insight in the effects of impulsive noise on marine life. 

Å How the approach should be interpreted for the Dutch Continental Shelf (DCS). 

 

Specific questions to be discussed in the project are:  

Å How to evaluate ecosystem impact from impulsive noise? 

Å Should this be done at: 

Å Population level, i.e. is a significant part of the population affected, or can a significant change in 

population size is expected? 

Å Habitat level, i.e. how much habitat loss is caused? 

Å How to select species to be considered within the assessment? 

Å How do models fit in the assessment framework to translate pressures to population impacts? 

Å What is needed by the end users, i.e. policy makers? 

Å What are remaining knowledge and information gaps? 

Finally, the project will provide a discussion and suggestions for future assessment of impact of impulsive 

noise on the marine ecosystem. 
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With this project Rijkswaterstaat hopes to help the international discussion on how Good Environmental 

Status (GES) for impulsive noise can be assessed. Underwater noise is a transnational problem which can 

only be handled through international co-operation. Alignment of methods and discussions on the merits and 

drawbacks of various options in the assessment framework are crucial for progression. 

After this introductory chapter in chapter 2 the stepwise approach to the assessment of impulsive noise will 

be described. In the chapters 3 to 12 the different steps of the scheme will be discussed and illustrated with 

an implementation of the assessment. Finally, in chapter 13 the results and conclusions will be summarized 

and in chapter 14: looking forward, the lessons learn for future impulse noise assessment and policy are 

presented. 
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2 METHOD 

To assess the impact of impulse noise a stepwise approach is followed. This approach has been based on 

the assessment methodology developed by TG Noise and published by Nathan Merchant (Dekeling, et al , 

2014; Merchant, et al., 2018).  

The assessment steps are illustrated in Figure 2. Steps 1 to 9 were introduced in the previously named 

papers and closely follow the approach applied in the Dutch KEC (Heinis et al. 2019). The authors decided 

to add step 0: define stressor, as the process could apply to multiple stressors, and step 10: determine 

population effect, as a population effect is a concrete outcome policy makers can base regulation on. Some 

steps are taken in parallel, at the same stage of the process and can possibly be in a different order. These 

processes are shown aligned on the same line, e.g. 1,2,3. 

The assessment starts by determining what exactly needs assessing: defining a stressor (0). In the next 

phase the impacted species (1), the assessment area (2) and the temporal resolution (3) are chosen. These 

steps occur simultaneously as for instance the area chosen has a certain biodiversity and therefore a range 

of species to choose from. In the next phase information is gathered on the distribution of the chosen 

species (4) and the impact from the stressor (5), e.g. noise occurrence. In step 6 these datasets are 

combined to form exposure and risk maps (6), from which exposure curves (7) and risk indicators (8) can be 

calculated. The error margin of the result is then determined in step 9, after which an estimate of the 

population impact can be done with a certain confidence (10). 

 

Figure 2: Assessment framework 
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Within this report the framework and the underlying methodology will be described in detail by applying the 

methodology to a case study on the impact of impulse noise in the Dutch North Sea. In the following 

chapters each step including inputs, choices, and outcomes, will be demonstrated.  
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3 STEP 0: DEFINE STRESSOR 

In paragraph 1.1 the definition of impulse noise has been introduced. In this paragraph this stressor is 

explained in more detail. 

Underwater sound consists of vibrations that propagate through the underwater environment. Due to its 

effective propagation in water, sound an important medium for perceiving the environment for most, if not all, 

forms of marine life. Sound pressure describes the difference between the sound wave pressure and the 

ambient pressure, and is perceived by marine mammals, and some fish species. Particle motion describes 

acceleration, displacement and velocity of particles (due to sound pressure), and is sensed by fish, and 

many other lower-order species, such as cephalopods, crustaceans, etc. 

Impulsive sounds are of short duration and with a rapid onset. Typical anthropogenic sources producing loud 

impulse sounds are airguns, pile-driving, underwater explosives and sonar working at relevant frequencies. 

Although these are typically considered as being the dominant sources, other sources such acoustic 

deterrent devices (ADD), boomers, sparkers and scientific echo sounders are also considered (identified as 

ógeneric impulsive sound sourcesô). 

To support the reporting and assessment of impact of impulse sound sources, the OSPAR Commission 

(which implements the 1992 OSPAR Convention for the Protection of the Marine Environment North-East 

Atlantic), has tasked the International Council for the Exploration of the Sea (ICES) to set up a register to 

collect impulsive noise producing activities by EU member states in a systematic manner. This Impulse 

Noise Register contains information about the temporal and spatial distribution of activities that produce loud 

underwater noise (Figure 3).  

 
Figure 3: Distribution of impulsive sound sources in the North Sea contained in the impulsive noise register for 2015 (von 
Benda-Beckmann et al. 2017). 
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4 STEP 1: SELECT INDICATOR SPECIES 

In the previous chapter step 0: define stressor was completed. The identified stressor is: impulsive noise. In 

this chapter step 1: Select indicator species and the process taken to select the species is described  (Figure 

4). This step was taken simultaneously with step 2 and 3 that will be discussed in the next chapters. 

 

Figure 4: Stepwise approach, current step (highlighted orange). 

 

Chapter 4 is divided into several paragraphs. Firstly (4.1) the definition of an indicator species is discussed. 

Than the potential impact of impulsive noise on animals is discussed (4.2). Then the four steps of species 

selection are described in paragraph 4.3 selection criteria. The steps are executed in the following 

paragraphs: 

1. A description of the North Sea ecosystem  (4.4)   

2. Vulnerability of species to impulsive noise  (4.5)  

3. Data availability and suitability   (4.6)  

4. Selection of the indicator species   (4.7) 
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4.1 What is an indicator species? 

Indicator species (IS) are used to monitor changes in the environment and can be single species or groups 

of species (Siddig, et al., 2016). They are selected based on their sensitivity to a particular environmental 

attribute, such as in our case impulsive sound, and used to assess the effect the attribute has on the IS 

(Siddig et al. 2016). Ideally an indicator species is representative for a larger group of species or is an 

indication for the status of the marine environment. 

In this chapter we provide the rationale for the selection of indicator species to quantify the effects of 

impulsive underwater noise on the marine ecosystem in the North Sea. The selection of potentially suitable 

candidates includes several considerations, such as the sensitivity and vulnerability of the species to 

impulsive sound, occurrence in the North Sea, management and conservation status and data availability.   

 

4.2 Effects of impulsive noise 

Richardson et al. (2013) define noise as sound that impairs reception of signals of interest or sound that 

affects the animal in such a way that normal behaviour is disrupted. Effect is defined as a (measurable) 

change in the species or taxa of interest. The term impact is used when effects cause significant risks or 

negative changes in populations or ecosystems.  

As described in section 1.1 and chapter 3, different parameters characterize sound such as sound level and 

frequency content, and for impulsive sound this also includes pulse length and the number of pulses. In 

figure 5 a schematic representation is given of the different direct effects of impulsive underwater noise on 

marine organisms based on their distance to the sound source. However the model used in figure 5 does not 

consider that sound propagation at sea is three-dimensional and its interference, reflection and refraction 

patterns will lead to more complex sound fields, in particular when several sound sources are simultaneously 

active. The simplified assumption is that the effect of sound on animals lessens the further away from the 

sound source they are, due to geometrical spreading and attenuation. Depending on the distance and noise 

level sound is expected to have a different effect on animals described by different impact zones (Madsen, 

Johnson, et al., 2006; Richardson et al., 2013, Figure 5). If, how and when an animal reacts to sound differs 

not only between species but can also vary between individuals and their internal state (for example their 

reproductive status).  

Figure 5: Schematic representation of the different direct effects of underwater noise on marine organisms in relation to 
distance to the impulsive sound source. PTS and TTS are defined as permanent and temporary threshold shifts in 
hearing respectively. Effects vary widely between different taxa and can overlap. Adapted from (Gomez et al. 2016a)  
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The first impact zone is the one closest to the sound source where animals can suffer physical injury which 

can be so strong that animals can be killed, either immediately or later. Depending on the distance and 

exposure time, animals can experience temporary threshold shifts (TTS) or permanent threshold shifts (PTS) 

of their hearing (see Figure 6 and Table 1). 

Figure 6: Schematic overview of Temporary Threshold Shift (TTS) and Permanent Threshold Shift (PTS). Exposure to 
sound results in a shift in the auditory threshold (in a specific frequency range). If this is temporary the hearing ability will 
return to the pre-exposure level. The sound pressure level (SPL) describes the auditory sensitivity for a specific 
frequency, higher SPL indicating lower sensitivity. Used with permission from Seamarco.  

Further away from the sound source lies the zone in which animals can have behavioural or internal 

physiological reactions to the sound, such as an increase in stress hormones. These reactions are difficult to 

measure in the field. Therefore, it is challenging to determine the size of this zone. In the zone of ómaskingô 

the sound overlaps with the acoustic signals animals are producing and receiving, which among other factors 

depends on the ability of the animal to adapt their hearing. The largest zone is the zone of óaudibilityô which 

describes to what distance animals can discern the signal from the ambient noise.  

It is important to point out that depending on the sound source, the sound characteristics, the length of 

exposure, the environmental conditions and the animal, impact zones will overlap and transitions between 

zones cannot be sharply defined. 

The reaction of individual animals is often considered on the short-term even though long-term effects can 

be substantial. Permanent hearing loss of certain frequencies can reduce the ability to hunt for food, a long-

term exposure to stress hormones can lead to a reduced immune response (Atkinson, et al., 2006) and 

impulsive sounds can potentially mask communication essential for successful reproduction (Slabbekoorn et 

al. 2010). Quantifying these cascade effects is very challenging.  

Once enough individuals are affected by noise, impacts can be measured at a population level, for example 

because of reduced reproductive success or increased mortality. For most marine organisms measuring 

changes in population parameters is more challenging than measuring direct reactions to sound in an 

experimental or semi-experimental setting. The sea is a highly dynamic environment, adding to the 

complexity of finding out what factors contribute to observed population level changes. It is therefore often 

impossible to prove a direct causal relationship between a specific stressor such as impulsive sound and 

changes in population factors. As stated in the OSPAR assessment for impulsive sound ñthere is uncertainty 

as to whether and how these effects of sound on individuals are translated to the population or ecosystem 

scaleò (OSPAR 2017).  
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Table 1: Overview of potential effects of impulsive sound on marine animals (adapted from Gordon et al. 2003, Popper et 
al. 2019) 

Potential effect  Description 

Physiological 

change 

Death &  

Injury 

Immediate death or injury to an animal can be caused for example through the 

rupture of body tissues. Later death due to an injury is also possible, e.g. through 

secondary infection. In cases of irreversible injury, it can lead to a decreased fitness 

of the animal and an increased chance of death. 

TTS & 

PTS 

Permanent threshold shift (PTS) is the reduction in auditory sensitivity from which 

there is no recovery. Temporary threshold shift (TTS) is a reduction in auditory 

sensitivity with eventual recovery (see figure 5). TTS and PTS can be caused by 

metabolic exhaustion or mechanical damage to hair cells in the inner ear. Depending 

on the taxa, damage to the ear can be reversible or not. TTS and PTS can have 

secondary effects such as a reduced ability to navigate, communicate or forage. For 

some marine species permanent hearing loss is an impairment that will lead to death. 

Stress 

reactions 

Other physiological changes include changes in hormones. Increase in stress 

hormones can lead to an integrated stress response and reduced overall fitness. This 

can for example include negative changes in the immune or reproductive system. In 

some species an increase in respiration rates is a proxy for an increase in stress 

(Barreto & Volpato 2011) 

Masking / 

Perceptual 

changes 

 

Auditory masking is the amount by which the hearing threshold for one sound is 

raised through the presence of another (Fries et al. 2007). For some marine species 

sound is biologically highly relevant, and masking of biologically significant noises can 

affect communication signals, echolocation, orientation and avoidance of predators or 

human threats such as shipping.   

Behavioural 

changes 
 

Behavioural changes describe a disruption of normal behaviour. This can include 

predator avoidance, for example some species will try to hide and ñfreezeò in reaction 

to a perceived threat. Others will show flight behaviour, such as moving away from 

the sound source and an increase in swimming speed. These reactions can interrupt 

behaviour such as feeding, reproduction or care for offspring. Reactions can differ 

between species and even individuals (female or male, juvenile or adult) and they are 

highly dependent on the internal state of the animal.  

Indirect effects  

Indirect effects have not received a lot of attention to date. Population impacts on a 

species will have consequences on the North Sea ecosystem. This is especially true 

for taxa that have key roles in the food webs, both as prey and predators.  

 

 

4.3 Selection criteria 

As a starting point, the indicators for selecting the potential candidate (indicator) species were based on the 

five criteria outlined by HELCOM (2017) to identify noise sensitive species:  

1. Hearing sensitivity. For a species to be susceptible to impacts of noise outside of the immediate vicinity 

of the sound source it must be able to detect sound. 

 

2. Impact of noise. A species might be able to detect and produce sound within a range of frequencies, but 

it may not be very sensitive to noise disturbance. In that case the impact on this animal is likely to be 

small. On the other hand, an animal may react to noise even if the frequency spectrum is outside the 

frequency of best hearing or sound production of the species. In this case it can have a substantial impact 

on this animal.  

 

3. Threat status. Populations already threatened by impacts from other pressures, such as eutrophication 

or hazardous chemicals, may be more susceptible to detrimental effects from noise. Threat status 

includes information on the red list status of species. 
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4. Commercial value. Noise effects on species with high commercial value can potentially affect the 

economy of large scales industries such as the fishing industry or the smaller scale recreational industry 

relying on the presence of marine mammals.  

 

5. Data availability. If little or no knowledge is available on either hearing sensitivity or noise impact, or if 

little or no data are available on spatial distribution, a species is not considered useful at this stage and 

thus not included. Data supplied at a later stage may warrant a species to be considered a priority 

species.  

 

The criteria for HELCOM are aiming to find noise sensitive species, considering all types of sound (impulsive 

and continuous), and are specific to the species occurring in the Baltic Sea and the regional conservation 

and management frameworks.  

These criteria are also reflected in the two criteria used for selecting indicator species by Merchant et al. 

2018b: (1) acoustic sensitivity and (2) conservation, ecological, or economic importance. The authors 

decided that two criteria should be added to this, namely that indicator species may be considered: 

representative (or precautionary) examples of broader taxa. An overarching condition we applied was the 

ódata availability and reliabilityô. Here we assessed if the scientific evidence was sufficient and of adequate 

quality to allow application of what is known to the North Sea scale 

Using the before mentioned criteria as a guideline we chose the following selection criteria for the North Sea 

indicator species selection: 

1. Vulnerability of species to impulsive sound. This includes: 

 

Acoustic sensitivity: can the organism detect the impulsive sound? 

As described in more depth further below, impulsive sound (or sound in general) can be perceived 

through different mechanisms. Application of this criterion means there is sufficient scientific evidence 

that the species can detect impulsive sound.  

Vulnerability to sound: is the organism vulnerable to the sound?  

Vulnerability to sound can be determined through several approaches. The aim is to obtain dose-

response curves that allow to link specific sound exposure to an effect, e.g. changes in physiology or 

behaviour. For many taxa evidence of vulnerability is only limited to small data sets or individual animals. 

It is important to interpret these results with care, in particular when extrapolating these results to make 

assumptions about the vulnerability of a population or species in general..  

2. Spatio-temporal distribution: does the organism occur in the North Sea with spatio-temporal overlap to 

impulsive noise?  

The selected species in question should be distributed in the North Sea and data on density over time should 

be available. In addition, the species should occur in areas that are most likely to experience exposure of 

impulsive sound.  

3. Conservation and/or management frameworks: this includes organisms that are listed as priority 

species for conservation as well as any that are subject to management due to exploitation.  

For many taxa there are existing conservation and management frameworks. The aims of these are to reach 

conservation aims for species that might be at risk and to ensure sustainable harvesting of species that are 

used for human consumption. For these taxa determining the impact of additional human stressors is of a 

high priority.  

4. Data availability and suitability for species. An overarching condition we applied was the data 

availability and reliability. Here we assessed if the scientific evidence was sufficient and of adequate quality 

to allow application of what is known to the North Sea scale.  

Finally, the North Sea consists of a diversity of habitats with many different taxa. To ensure that we would 

not exclude any species or taxa, we first defined the most relevant habitats and their typical inhabitants and 

reviewed the available data regarding the above criteria.  
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Based on this we then picked three species that could be used as indicator species for the assessment 

following the process in figure 6.  

 

 

 

 

 

 

 

 

 

Figure 7: Steps in the selection process used for the selection of the three sample indicator species for the assessment 

 

4.4 Species Selection Step 1. Description of the North Sea 
ecosystem 

The North Sea was chosen as  assessment area (see chapter 5). In Step 1 of the selection process, we 

provide a brief description of the most typical North Sea habitats and the key taxa that live within them 

(Figure 8 and Figure 9). This provides a basis  for determining which species or groups of species would be 

best suitable as indicator species. 

4.4.1 North Sea habitats 

The North Sea was formed mainly by glacial activity during and after the last ice age. It is part of the 

European shelf, with a general depth of around 30m. Shallower sandbanks occur along the coasts, as well 

as offshore such as the Dogger Bank. Tidal movements and currents (e.g. Channel current from the South 

and Central North Sea current from the North) influence the waters, both at sea and along the coast. There 

are a few deeper trenches, such as the Norwegian Trench that reaches 700m (Paramor et al. 2009). We will 

consider the typical shelf habitats that occur up to a depth of 200m and not the deeper trenches. The 

following main habitat zones are found in the North sea (Figure 8): 

1. Benthic zones (seafloor) consist of two parts for the North Sea. The intertidal zone, situated between 

the low and high tide lines, is not part of our assessment. The other part of the benthic zone is always 

submerged and called the sublittoral. The substrate of the seafloor consists primarily of soft sediments with 

only small areas of gravel and pebbles (Paramor et al. 2009).  

2. The pelagic zone (water column) on a shelf from 0 to 200m is also called the neritic zone, which is 

small in comparison to the oceanic zone which covers the deeper waters off the ocean shelves. Sunlight, in 

particular in the upper parts of the water column (< 20 m deep) in combination with sufficient nutrient input, 

allows phytoplankton to thrive (Joint & Pomroy 1993). Phytoplankton production is the main reason for the 

high productivity in the North Sea system.  

Selection step 2: Assess the vulnerability of North Sea fauna to impulsive 

sound 

Selection step 3: Assess the data availability and suitability for North Sea 

fauna 

Selection step 4: Select three indicator species based on the selection criteria 

Selection step 1: Describe the North Sea ecosystem 
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Figure 8: Schematic representation of the main types of North Sea habitats (figure: M. Scheidat). 

  

4.4.2 North Sea fauna 

The following faunal communities are found in the North Sea: benthos, zooplankton, nekton and seabirds. 

These groups are illustrated in Figure 9 and described in the paragraphs underneath.  

 

Figure 9: Overview of North Sea faunal communities included in the review on sensitivity to sound (figure: M. Scheidat) 
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4.4.2.1 Benthos 

The organic matter produced in the shallow North Sea is deposited in considerable amounts at the seafloor, 

helping to sustain rich and diverse benthic communities: benthos (Heip et al., 1992). Benthos are organisms 

living in or on the sea bottom. Benthos consists of a wide diversity species and shows large-scale spatial 

patterns related to environmental variables (Heip & Craeymeersch 1995, Reiss et al. 2010). This makes 

them suitable for monitoring the effects of changes in the environment (Ramsay et al. 1998). Their 

abundance, biomass and species richness changes from the shallower inshore waters of the southern North 

Sea, to the offshore communities in the northern deeper waters of more than 50m in depth (Heip & 

Craeymeersch 1995).  

Benthic fauna play an important role in cycling nutrients, decomposing detritus and serving as food for higher 

trophic levels. Some sessile species are important ecosystem engineers.  

Benthic organisms are characterized by size as well as by where they occur.  In his report we included those 

taxa considered macrobenthos, which is larger than 1mm. Most examples provided here are considered 

epibenthic organisms (occurring on the sediment), in contrast to infauna (living within the sediment). 

Macrobenthos have different strategies to obtain food. Some are deposit feeders, some suspension feeders 

and there are those that consume other fauna as predators. Some are sessile others have varying levels of 

mobility (Ramsay, et al., 1998). 

The North Sea macrobenthos  consists of a large number of different taxa, the most common being 

polychaetes, crustaceans, echinoderms (sea urchins and starfish) and molluscs (snails and bivalves) (Heip 

et al., 1992; Heip & Craeymeersch, 1995; Reiss et al., 2010). 

4.4.2.2 Zooplankton 

Marine zooplankton include a wide range of taxonomic groups of mostly small animals (invertebrates, 

chordates and fish larvae) that drift or weakly swim, primarily in the productive surface waters. It includes a 

wide range of species with varying size. Some species remain their entire life cycle in the planktonic state, 

others only occur in this state during their larval or juvenile stage. Zooplankton communities can be very 

complex and are unique for different habitats. As they are sensitive to changes in their environment they can 

be used to determine the health of an ecosystem.  

For the North Sea the most common organisms in the zooplankton community are small crustaceans, such 

as copepods (Calanus spec.) that are 0.5 mm to 6 mm in size. These form the major food resource for many 

fish species, such as cod (Gadus morhua) and herring (Clupea harengus). Other members of this diverse 

community are ñkrillò (euphausiids), jelly fish (coelenterates), ctenophores, as well as larvacea, thaliacea 

(salps, doliolids) and colonial hydrozoa (siphonophores). It also includes larval stages of for example 

crustaceans (decapods), starfish and sea urchins (echinodermata) and fish (Boersma, et al., 2003).  

Zooplankton has an essential role in the marine ecosystem. It forms the most important link between primary 

production by phytoplankton and higher trophic levels, both in pelagic and benthic habitats.  

4.4.2.3 Nekton 

Nekton comprises of those organisms that can actively swim and move independently of water currents. 

Nektonic species come in different sizes, the smallest include crustacean species, such as for example 

euphausiids (krill) which have been categorized as both macroplankton and micronekton, the largest include 

seals and whales.  

While many micronektonic organisms conduct diel vertical migrations in the water column, moving up during 

the night and down during the day, their movement range is limited. More typical for this zone are  larger 

nektonic species such as cephalopods (squid and octopus), bony fish, elasmobranches (sharks and rays) 

and marine mammals (Brodeur & Pakhomov 2019). 

As diverse as the species occurring in this region are also their foraging strategies. For instance, herring use 

specialized gill rakers to sieve out large or smaller planktonic organisms. The minke whale is a baleen whale 

of the North Sea and filter-feeds on zooplankton and fish (Olsen & Holst 2001). Fast-swimming predators 

primarily feed on fish, with some (e.g. grey seals and killer whales) include marine mammals in their diet.  
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One of the characteristics of the larger nekton is that animals can adapt to changes in their environment. In 

case they encounter a shortage of prey or other adverse situations, they can move into other regions.  

4.4.2.4 Seabirds 

Seabirds are mainly dependent on the sea for their food and spend most of their life time outside of the 

breeding season at sea. The majority of the species feeds on prey in the neretic zone (nekton). At least 19 

seabird species use the productive waters of the North Sea to forage for food for themselves and to provide 

their young. The most numerous in the North Sea are northern gannet (Morus bassanus), northern fulmar 

(Fulmarus glacialis), herring gull (Larus argentatus), lesser black-backed gull (Larus fuscus), black-legged 

kittiwake (Rissa tridactyla) and the common guillemot (Uria aalge).  

In addition, there are bird species living either year-round or during the winter season in the North Sea 

coastal waters. Some of these use the coastal area for breeding (e.g. terns and cormorants), feeding and 

resting purposes. Others, like grebes, divers and ducks mainly winter in the coastal zone, where they feed 

on fish and benthic organisms, respectively.  

 

4.5 Species Selection Step 2: Vulnerability to impulsive noise 

To determine the vulnerability of marine animals to sound in general and specifically to impulsive sound it is 

important to first understand the different mechanisms of underwater hearing in an animal as these 

mechanisms determine how sound is perceived. Species differ in the type of sound they can process (sound 

wave and particle motion), their sensitivity to frequencies and their auditory thresholds. An audiogram shows 

the measurements of when the level a sound of a specific frequency is audible (Figure 11). Two methods are 

commonly used to obtain the needed information.  

The first is the use of Auditory Evoked Potentials (AEP) or the Auditory Brainstem Response (ABR). An 

acoustic stimulus is given to an animal causing a response in the form of electrical pulses showing neural 

activity within the brain. The electrical pulses can be measured non-invasively by for example attaching 

electrodes to the animal (Nachtigall 2008). This method has been used extensively on marine vertebrates, in 

particular fish and marine mammals (e.g. Cook et al. 2006, Houser & Finneran 2006, Ladich & Fay 2013). A 

small number of studies have also applied this successfully to a few invertebrate species (Hu, et al., 2009; 

Lovell, et al., 2005; Mooney et al., 2010).  

The second method is the psychophysical or behavioural approach. With this technique, the animal is trained 

to respond to an acoustic stimulus, for example by vocalizing, moving away from a listening station or 

touching a specific object (Kastelein et al., 2002; Kastelein et al., 2003; Kastelein et al., 2018; Nachtigall et 

al., 2005). If training is not possible a measurement of changes in heartrate or behaviour has been used (e.g. 

Offutt 1974, Mccormick & Popper 1984, Yan & Popper 1991). In direct comparison to AEP it is often 

considered to be more accurate (Houser & Finneran, 2006a; Schlundt et al., 2007; Szymanski et al., 1999). 

Its main disadvantage is that it can only be applied to animals that can be trained, thus limiting the number of 

individuals and the species that can be studied (Wolski et al., 2003). 

The subsequent response of organisms to sound can manifest on a genetic and cellular level, as well as in 

physiological and behavioural responses. An important consideration are differences between individual 

animals, considering parameters such as age, sex or reproductive stage. For some taxa a large number of 

studies have been conducted providing a fairly good understanding of one or both of these two mechanisms 

(underwater hearing and the response to sound); for many others this is not the case (Williams et al. 2015). 

The following section provides an overview on how invertebrates and vertebrates are able to perceive sound,  

their vulnerability to sound in general and to impulsive noise specifically. The review is not meant to be 

comprehensive but aims to showcase the type and quality of information available for the different taxa, in 

particular as relevant for the North Sea. For more in-depth information readers are referred to the extensive 

reviews available describing the effects of anthropogenic sounds on marine animals (Carroll et al., 2017; de 

Soto, 2016; Gomez et al., 2016b; Hawkins et al., 2014; Juanes et al., 2017; Popper & Hastings, 2009; 

Popper et al., 2003; Popper & Hawkins, 2019; Slabbekoorn et al., 2010; Weilgart, 2018; Weilgart, 2007). 
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4.5.1  Invertebrates  

Invertebrates are generally considered less vulnerable to noise-related trauma than marine mammals and 

fishes, because they lack gas-filled spaces, such as for example swim bladders (Edmonds et al., 2016). 

Pressure waves generated by sound can cause rapid motion in any gas-filled structure and result in tissue 

damage (Hawkins & Popper, 2014). Invertebrates are considered to ñonlyò be vulnerable to particle motion 

(see chapter 3), in some taxa causing damage to sensory hairs, antennae and statocysts, all structures that 

have a high biological significance (André et al. 2011, Mooney et al. 2012, Edmonds et al. 2016). 

The number of studies that have investigated the effects of impulsive sound sources on invertebrates is 

limited (reviews available by (Carroll et al. 2017, Weilgart 2018). Information on sensitivity has been shown 

mostly for molluscs (cephalopods and bivalves) and crustaceans (decapods) (Carroll et al. 2017, Figure 10). 

Error! Reference source not found.Many of these studies are based on small sample sizes or limited to 

laboratory studies. Below we will highlight examples of bivalves, cephalopods and crustaceans and were 

applicable focus on North Sea species. 
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Figure 10: A summary of potential impacts of low-frequency sound on various responses of marine invertebrates. 
Impacts are classified according to the sound exposure treatments as realistic for seismic surveys or 
unknown/unrealistic. There are significant differences between seismic studies regarding sound exposure and the 
environment in which studies were conducted. From: Carroll et al. 2017 
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4.5.1.1 Zooplankton 

Crustaceans and bivalves occur in zooplankton in adult (only crustaceans) as well as larval stages. Some 

adults will spend their entire lives in the water column, while others larval stages will leave this habitat at 

some point in their development. Larvae of the New Zealand scallop (Pecten novaezelandiae) showed 

effects to seismic pulses in the form of malformations and delayed developments (De Soto et al. 2013). 

McCauley et al. (2017) showed that experimental air gun signal exposure decreased zooplankton 

abundance when compared with controls, with a two- to threefold increase in dead adult and larval 

zooplankton. Impacts were observed out to the maximum 1.2 km range sampled. The authors hypothesized 

that the impulsive air gun signal created damage to the sensory hairs or tissue of the zooplankton leading to 

a loss or reduction in sensory capability that would reduce fitness and increase mortality due to predation. In 

contrast Parry et al. (2002) found no reduction of catch rate in plankton (including bivalve larvae) as a result 

of a seismic survey.  

Other studies showed no impact of impulsive sounds on crustacean larvae with regard to survival, 

development and catch rate (Day et al., 2016; Pearson et al., 1994). Different types of sound have shown to 

impact the timing of settlement of larvae (Lillis, et al., 2013). Behavioural changes due to anthropogenic 

sound have also been documented (Branscomb & Rittschof 1984). 

4.5.1.2 Mollusks 

The blue mussel (Mytulis edulis) is an example of a filter-feeding sessile benthic bivalve occurring in the 

intertidal and subtidal waters of the North Sea (Asmus & Asmus 1993). Researchers have applied different 

methods to investigate behavioural (e.g. valve movement, algal clearance), physiological (oxygen 

consumption) and biochemical (structural DNA damage, oxidative stress) responses to sound (Wale, 2017; 

Wale et al., 2019). 

Algal clearance rate is defined as the rate at which filter-feeders filter suspended particles from the water and 

it is considered a reliable indicator of feeding activity in mussels. Using a semi-open field experiment, (Spiga 

et al., 2016) found that mussels had significantly higher clearance rates during pile driving. The authors 

suggest that this could indicate a physiological change from a maintenance state to active metabolism due to 

noise stress. Investigating the effect of playback ship noise on the blue mussel (Wale et al. 2019) showed a 

different reaction with a reduced algal clearance rate. At the same time oxidative stress increased, as well as 

changes in DNA integrity. This can potentially reduce growth, reproduction and immune response (Wale et 

al. 2019). 

Reactions of non-sessile bivalve species such as scallops (Pecten sp.) also included physiological and 

behavioural changes (Day et al., 2017). 

The most highly developed mollusks are cephalopods, such as squid or octopi. Cephalopods can hear 

sound (Hu et al. 2009) and are sensitive to the particle motion component of it (McCauley & Fewtrell, 2008; 

Mooney et al., 2012; Solé et al., 2013). There is a number of studies demonstrating that cephalopod species 

such as Sepia officinalis, Octopus vulgaris, Loligo vulgaris and Illex condietii, as well as giant squid 

(Architeuthis) are susceptible to acoustic trauma (André et al., 2011; de Soto, 2016; Guerra et al., 2011; Solé 

et al., 2013). 

4.5.1.3 Crustaceans 

As for other invertebrates, limited data are available on the effect of impulsive noise on benthic crustaceans 

in general (Budelmann 1992, Weilgart 2018) and in particular for North Sea species. Edmonds et al. (2016) 

investigated the sensitivity of the edible crab (Cancer pagurus), the European lobster (Homarus gammarus) 

and Norway lobster (Nephrops norvegicus) to sound. The results indicated that physiological sensitivity could 

be found only for the particle motion effects of sound production. However, the authors conclude that due to 

the limited information available, no relationship between impulsive noise and effects on crustaceans can be 

found yet. The hermit crab (Pagurus berhnardus) did show a behavioural response to particle motion in 

controlled laboratory sound experiments (Roberts et al., 2016). A number of studies showed that Crangon 

crangon can react to noise with metabolic changes (Regnault & Lagardere 1983, Slabbekoorn et al. 2010). 

Morris et al. (2018) investigated the impact of seismic survey activity on the catch rates of snow crab 

(Chionoecetes opilio). Their results did not show a negative impact on catch rates, but the authors suggest 
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that effects might be too small to detect considering the high natural spatial and temporal variation in crab 

occurrence. Other studies were inconclusive in their results, possibly due to limitations in their study design 

(Boudreu et al., 2009; DFO Science, 2004). Morris et al. (2018) concluded that seismic activity did not 

negatively affect catch rates of snow crab in shorter term (i.e. within days) or longer time frames (weeks).  

Additional studies showed that benthic crustaceans exposed to ship noise change their foraging and anti-

predator behaviour, increase their oxygen consumption and affect their immune response (Celi et al., 2015; 

Wale et al., 2013b, 2013a). 

 

4.5.2 Vertebrates 

4.5.2.1 Fish 

There are more than 33.000 species of fish, representing over half of all vertebrate species. In this section 

we will consider the largest and most diverse group: bony fish.  

Fish eggs and larvae 

Effects of impulsive sounds (by quantifying mortality) have been studied for larvae of different marine 

species. The studies showed different results, from no increased mortality to sublethal and lethal effects, 

including increased incidence of abnormalities and reduced growth (Bolle et al., 2012; Carroll et al., 2017; 

Day et al., 2016; De Soto et al., 2013; McCauley et al., 2017; Morgan et al., 1999; Nedelec et al., 2015). 

Adult fish 

Fish have developed a high diversity of morphological adaptations to perceive sound, which are not 

necessarily linked to specific taxonomic groups. The high interspecific variability in ear structure makes it 

especially challenging to classify their hearing capabilities, which led to their categorization as either being 

hearing generalists or hearing specialists (Popper et al., 2003; Popper & Hawkins, 2019). 

Hearing generalists are typically fish species with no or a reduced swim bladder (such as flatfish) (Figure 

11a). They tend to have a low auditory sensitivity detecting sound up to about 1kHz. This sensitivity is mainly 

related to the particle motion component of the sound field (Fay & Popper, 2012; Popper & Fay, 1993). 

Hearing specialists are fish with fully functional swim bladders (Figure 11b), in some taxa connected to the 

inner ear by an extension of the swim bladder (bullae) (Figure 11c). They can also detect particle motion, but 

their hearing is more sensitive with generally lower hearing thresholds and a broader hearing range of 

sounds above 1.5kHz. They are also considered to be more susceptible than hearing generalists to injury 

due to impulsive sound (Fay & Popper, 2012; Popper & Hastings, 2009; Popper et al., 1993; Popper et al., 

2019). 

Species sensitive to sound pressure also respond to sounds over a wider frequency range than less 

sensitive species (Figure 11) but depending on their anatomy their sensitivity for various frequencies varies 

greatly between species.  

Defining hearing ability in fish is complex due to the different adaptations for pressure and particle motion 

and how these systems respond to sound (Radford, et al., 2012; Wahlberg & Westerberg, 2005). In principle 

both components should be considered when quantifying fish sensitivity to sound, this is, however, extremely 

challenging. In addition, the high variability between species and individuals and the inherent difficulties in 

studying fish behaviour make it difficult to extrapolate results from laboratories to the field and from one 

species to another (Slabbekoorn 2016). For more detailed information on this subject we refer the reader to 

recent reviews of the current knowledge on the impact of sound on fish (Popper & Hawkins, 2019; Popper et 

al., 2019). 
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Figure 11: Overview hearing ability of sole, cod and herring and a schematic representation of the hearing systems. The 
sound pressure level (SPL) indicates the auditory sensitivity for a specific frequency, higher SPL indicating lower 
sensitivity.  Sole has no swim bladder as an adult (a), cod has a swim bladder that is not connected to the ear (b) and 
herring has a connection between the swim bladder and the ear (c) (adapted from Dooling & Therrien 2012). 

 

A number of studies have investigated how sound affects fish, both using laboratory and field studies. In the 

following section we showcase some examples of North Sea species for which data are available.  

An example of a benthic fish species of the North Sea is the sole (Solea solea). Soles have no swim bladder 

in their adult stage. One study looked at behavioural responses of sole to playback of impulsive sound 

(piling) finding high individual variability in responses with a general increase in swimming speed after 

multiple sound exposures (MuellerȤBlenkle et al. 2010). The authors point out that this increase in speed is 

not the type of behavioural response that is typically used by sole, as they are likely to hide in the sediment 

and stop moving when startled.  

The European seabass (Dicentrarchus labrax L.) is a slow growing fish that undertakes seasonal migrations 

from inshore habitats to offshore spawning sites. In the North Sea it is targeted by commercial and 

recreational fisheries (De Pontual et al., 2019). The seabass has been subject of a number of studies on the 

impact of impulsive sound, primarily under captive or semi-captive conditions. These studies showed 

behavioural changes, such as increased swimming depth and changes in group cohesion, as well as 

physiological changes such as biochemical stress responses (Debusschere et al., 2016; Hubert et al., 2020; 

Kastelein et al., 2017; Neo et al., 2014; Santulli et al., 1999). 

Like the seabass, the Atlantic cod has a fully functioning swim bladder. The cod produces different sounds, 

such as ñgruntsò, that play a role during mating (Rowe & Hutchings, 2008; Wilson et al., 2014). Several 

studies found a reduction in catch rates of cod due to seismic surveys (Engås et al., 1996; Løkkeborg et al., 

2012b, 2012a). It was not investigated whether the decrease was caused by animals dying, changing depth 

or moving out of the area. An exposure to between 1 and 5 hours of pure tones (50 Hz to 400 Hz at 180 dB 

re 1 ɛPa) has led to damage to the sensory epithelium of cod (Enger 1981). In addition, cod showed 

behavioural responses, such as aggregation and changing swimming speed, to playback pile-driving noises 

(MuellerȤBlenkle et al. 2010). There are also data indicating a stress response of cod leading to a 

disturbance of reproductive success (Sierra-Flores et al., 2015). 

Clupeids such as the Atlantic herring (Clupea harengus) also have a swim bladder. However, a special 

feature is that they also have a prootic bulla (a gas-containing sphere) that physically links the swim bladder 

to the hearing system (Blaxter et al., 1981; figure 10c). Fish that have this connection are thought to have 

improved hearing, indicated by an increase of the frequency range and lowering of their hearing thresholds, 






























































































































































































