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Summary 

This report gives an overview of the most recent information and insights on the effects of 
windfarm related underwater sound. It provides an updated knowledge base for the 
development of the next version of the Framework of Assessing Ecological and Cumulative 
effects (KEC), KEC 6.0. The latest version of the KEC (KEC 5.0) for underwater sound was 
published in March 2025 and covered the effects of underwater sound by the construction 
of windfarms, UXO clearance and geophysical surveys in the windfarm sites and along the 
cable routes on harbour porpoises, harbour seals and grey seals. 
 
Selected species 
With respect to the species to be studied, it was investigated for the present report whether 
an assessment of the effects of (anthropogenic) underwater sound on species (groups) other 
than those covered in KEC 5.0 could/should be included in KEC 6.0. Insight in the potential 
effects of underwater sound is especially important for protected species. Recent studies 
demonstrated that diving sea birds (alcids, cormorants, sea ducks) can detect underwater 
sounds and are, therefore, potentially vulnerable to underwater sound producing activities. 
However, the inventory of the latest insights on diving sea birds, fish and invertebrates 
revealed that the available information on other species than marine mammals is still insufficient 
to include a quantitative assessment of the effects of underwater sound in the next KEC 6.0. 
The inventory also included two other marine mammal species that are regular visitors of the 
Dutch Continental Shelf (DCS): minke whale and white-beaked dolphin. Although it has been 
shown that anthropogenic sounds interfere with the natural behaviour of these species, it 
does not seem necessary to include them in the KEC calculations. The probability of these 
two species being present in potential windfarm sites on the DCS is so low that population 
impacts can be excluded a priori. 
 
Exposure assessment 
In KEC 5.0, estimates were made of the exposure of porpoises and seals to various sound 
sources that are related to the construction and operation of offshore windfarms (impact 
piling, vibropiling, UXO detonation, geophysical surveys, support vessels). Although research 
is going on, for most of these sound sources no new information has come available (yet) to 
improve the assessment of the sound exposure in KEC 6.0. For the effects of the operation of 
different geophysical instruments some new information was recently published, which will be 
included in the estimates for KEC 6.0.  
 
Probability of disturbance 
The probability that an animal’s behaviour or hearing is affected by sound depends on 
the sound level spectrum (dose) to which it is exposed. In KEC 5.0, for piling noise, a 
dose-response relationship is used to quantify the risk of a significant behavioural response 
in porpoises and seals. It relates the unweighted broad band single strike sound exposure 
(SELss) to the probability of disturbance. For the other sound sources that were investigated 
for KEC 5.0, such dose-effect relationships are lacking. In that case, discrete dose-thresholds 
are used with various dose metrics, depending on the source and/or the effect type 
(behaviour or hearing). It is acknowledged that one metric for all sound sources (impulsive as 
well as continuous sounds) would make it easier to assess the (cumulative) impact of multiple 
sound sources. The effects of sounds that differ in nature and duration can then be better 
compared with each other. Various metrics are proposed, but there is no consensus which 
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metric should be used. The conclusion from the review in this report is that the proposed 
metrics need further investigation. For KEC 6.0 it is advised to continue with the metric used 
for piling noise in KEC 5.0. 
 
Another important issue is the choice for the dose-response relationships used for estimating 
the probability that animals, and porpoises in particular, are being disturbed. For KEC 5.0, 
a worst-case, precautious curve was chosen to minimize the risk of underestimating effects. 
However, based on this curve, modelled disturbance ranges for porpoises for piling sound, 
with and without application of a noise limit, are generally much larger than observed in 
recent offshore wind monitoring programmes. For this report, the dose-response curves 
from different studies were critically reviewed, which revealed that the different curves cannot 
be compared very well because of differences in definitions. Data are lacking to develop a 
validated, less conservative but precautionary dose-response function. For KEC 6.0 it is 
recommended to reconsider the choice for a dose-response function in cooperation with 
national and international experts.  
 
Number of disturbed animals 
The number of animals disturbed by sound is quantified by the probability of disturbance 
times the local density, based on distribution maps of porpoises and seals. In the KEC 5.0 
study use was made of a North Sea harbour porpoise summer-density map covering the 
average modelled density for 2016 – 2019. From MWTL1 data it appears that densities on the 
Dutch Continental Shelf (DCS) are generally larger in the winter months, but also that there 
is a very large yearly, seasonal and spatial variation in the distribution. The fourth North 
Sea-wide SCANS survey conducted in 2022 confirmed that spatial shifts in harbour porpoise 
distribution over the course of the year and between years occur in the North Sea as a whole 
and in the Dutch section. For KEC 6.0 it is recommended to consider adopting the new 
distribution map for harbour porpoises, based on SCANS-IV data along with results from 
more recent counts, that is currently being developed, or, alternatively, use an average, non-
location-specific density for sections of the DCS in the calculations for the Dutch wind farms. 
 
Recently, a new map on the at-sea distribution of harbour seals and grey seals on the 
Northwest European Shelf was published. The study also reveals that there is a substantial 
transboundary overlap caused by seals making (foraging) trips from one country to other 
countries, which is particularly the case for grey seals. There is also a substantial 
transboundary exchange of harbour seals within the international Wadden Sea. Impacts at 
sea in one country may, therefore, influence population trends across Europe. 
 
The averaged marine mammal population distribution maps are used for spatial explicit 
calculations of animals potentially disturbed by offshore windfarm related sound. It is 
assumed that the distribution remains constant over time, independent of prior disturbance. 
This leads to uncertainties in the estimate of the number of disturbed animals. Results from 
various studies demonstrated that porpoises tend to leave the local windfarm area after start 
of the first, windfarm-related vessel operations before the first piling starts. Consequently, 
the number of animals disturbed during the construction of a windfarm is likely overestimated. 
 
Population effects and impact assessment 
The cumulative impact of disturbance on the populations of porpoises and seals is estimated 
using the interim Population Consequences of Disturbance (iPCoD) model. 
New developments in this model for harbour porpoises were introduced in the KEC 5.0 
report. An important adaptation is the replacement of the expert opinions on the relationship 
_______ 
1 Monitoring Waterstaatkundige Toestand des Lands: Monitoring Programme for the national waterways.  
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between disturbance and vital rates by a dynamic energy budget model (DEB). To be able to 
rely on the results of the new iPCoD + DEB model and to understand them, a sensitivity study 
was carried out. The results will be published in a separate report. After correction of an error 
in the preliminary calculations with the new iPCoD + DEB model for KEC 5.0, the estimated 
maximum population decline for a similar scenario with the new model is comparable with the 
estimate generated by the original (expert elicitation) iPCoD model. However, the DEB model 
predicts recovery of the population in the years after the disturbance and for using the new 
model decisions have to be made about issues that were not or less relevant in the way the 
original model was applied, including how to deal with seasonal variation in the distribution of 
harbour porpoises and density dependence. Also, the required 95% certainty of the estimated 
population reduction of less than 5% (the ecological standard) calculated with the iPCoD + 
DEB model is probably not representative for a genuinely plausible biological worst-case 
scenario, but is primarily driven by uncertainties in model inputs.  
 
Conclusions 
The Dutch ecological standard requires that the risk that the construction of the Dutch 
offshore wind farms result in a decline of the ‘Dutch’ porpoise and seal population numbers 
with more than 5% remains lower than 5%. Because the uncertainty in the size of the 
population is much larger than 5%, compliance with this standard can only be judged on the 
basis of model simulations. The current implementation includes several precautionary 
assumptions and approximations, mostly leading to a conservative estimation of the numbers 
of animals that potentially disturbed by the underwater sound from offshore wind related 
activities. Modelled effective porpoise disturbance ranges for the impact of piling sound are 
up to four times larger than observed fro unmitigated impact piling in recent offshore wind 
monitoring programmes. This is likely due to very conservative choices for the exposure 
metrics and response parameters in the dose-response relationship that was used for KEC 
5.0. The possibilities for developing a less conservative but precautionary dose-response 
relationship have been considered, but data are lacking to draw conclusions. 
 
Less conservatism in estimation of the number of animal disturbance days together with the 
use of an updated population consequences model that allows for recovery of the population 
will lead to a significant reduction of the predicted risk of marine mammal population 
reduction due to disturbance by noise from North Sea offshore wind farm constrution. 
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Abbreviations 

Abbreviation Meaning 

ADD Acoustic Deterrent Device 
AFWF Auditory Frequency Weighting Function: 
DCS Dutch Continental Shelf 
DEB Dynamic Energy Budget 
DPH Detection Positive Hours  
EDR Effective Deterrence Range 
EE Expert Elicitation 
iPCoD Interim PCoD model, see https://www.smruconsulting.com/population-

consequences-of-disturbance-pcod (versions iPCoD-EE and iPCoD+DEB) 
KEC Kader Ecologie en Cumulatie (Framework for Assessing Ecological and 

Cumulative Effects) 
MBES Multi-Beam Echo Sounder 
MSFD Marine Strategy Framework Directive (European Commission) 
PCoD Population Consequences of Disturbance 
PCW Phocid Carnivores in Water (Southall, et al., 2019) 
PTS Permanent hearing Threshold Shift 
RWS Rijkswaterstaat 
SAC Special Area of Conservation 
SBES Single- Beam Echo Sounder 
SEL Sound Exposure Level 
SELcum Cumulative Sound Exposure Level 
SELss Single Strike Sound Exposure Level 
SL Source Level 
SMRU Sea Mammal Research Unit (University of St. Andrews, UK) 
SPL Sound Pressure Level 
TOW Temporal Observation Window 
TTS Temporary hearing Threshold Shift 
USBL Ultra-Short BaseLine acoustic underwater positioning system 
UXO UneXploded Ordnance 
VHF Very High Frequency cetaceans (Southall, et al., 2019) 
 
 
 

https://www.smruconsulting.com/population-consequences-of-disturbance-pcod
https://www.smruconsulting.com/population-consequences-of-disturbance-pcod
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1 Introduction 

The Framework for Assessing Ecological and Cumulative effects (KEC) was developed to 
ensure that the construction of offshore wind farms does not result in unacceptable effects on 
the size of populations of important animal species in the Dutch section of the North Sea. 
Since its first version in 2015, the KEC was regularly updated to the most recent knowledge 
and insights. KEC 5.0 (Heinis, de Jong, & von Benda-Beckmann, 2025) was published in 
March 2025 and KEC 6.0 is planned for the end of 2026. In the meantime, RWS has asked 
TNO and HWE to keep track of the latest knowledge. This report describes a summary of 
the review carried out in 2025, providing an updated knowledge base for the development 
of KEC 6.0.  
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2 KEC procedure for 
underwater sound 

The KEC 5.0 report describes procedures for quantifying the effects of underwater sound 
produced by the construction of offshore wind farms, including UXO clearance and 
geophysical surveys in the wind farm sites and along the cable routes, on harbour porpoises, 
harbour seals and grey seals.   
 
The basic assumptions (selection of species and effects) and the procedures are discussed 
in this chapter. The knowledge base and available information behind each step of the 
procedure are discussed in the following chapters. 

2.1 Species selection 
2.1.1 Introduction  

So far, the KEC has only looked at the effects of underwater noise on three species of marine 
mammals, i.e. harbour porpoise, harbour seal and grey seal. For this knowledge base 
update, it was also investigated whether sufficient information is available for estimating the 
effects of underwater noise on other species than the three marine mammal species 
mentioned.  
 
Various criteria are important in the selection of relevant species for determining the effects of 
underwater noise in the North Sea. Within one of the work packages of the InterReg DEMASK2 
project, indicator species from the main faunal groups have been selected based on the 
following criteria (Calonge, et al., 2025): 
1. There must be evidence for impact of sound on that species. 
2. The species must be relevant for the ecosystem, including species that require specific 

attention from policy frameworks, such as the Marine Strategy Framework Directive 
(MSFD) and Natura 2000. 

3. There is information available on the species’ distribution. 
 
The following sections explain the selection for the most important species (groups) in more 
detail (including harbour porpoises and seals) and provide an overview of the available 
knowledge about possible effects of underwater noise and the relevance of the species for 
the Dutch continental shelf (DCS) and the need for including these in KEC 6.0. 

2.1.2 Harbour porpoises 
The harbour porpoise (Phocoena phocoena) is a representative of the high frequency 
cetaceans and a suitable indicator species for assessing the effects of underwater noise. It is 
_______ 
2 https://www.interregnorthsea.eu/demask: DEMASK aims to bring together policy makers, NGOs, and the maritime 

industry in the management of the underwater soundscape of the North Sea. The project will enable stakeholders 
to take measures that contribute to a well-managed soundscape and strengthen the marine ecosystem. DEMASK 
will develop an approach for defining policy scenarios for underwater noise management and a method to 
quantify the effectiveness of those scenarios to mitigate noise pollution and its effects on marine life. 

https://www.interregnorthsea.eu/demask
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the most abundant marine mammal species in the Dutch part of the North Sea with a proven 
sensitivity to sound. Its hearing range spans between app. 1 and 150 kHz, with maximum 
sensitivity at 125 kHz (Kastelein, Hoek, de Jong, & Wensveen, 2010). In the first versions of 
the KEC (Heinis, de Jong, & RWS Werkgroep Onderwatergeluid, 2015; Heinis F. , de Jong, 
von Benda-Beckman, & Binnerts, 2019) it was considered the most suitable species because 
of its relative high density in areas where wind farms were being planned, compared to the 
density of other marine mammal species, such as seals. The harbour porpoise is a strictly 
protected species under the EU Habitats Directive (Annex II & IV), the Marine Strategy 
Framework Directive (MSFD) and the Dutch Environment and Planning Act 
(Omgevingswet)3. The latter Act states that disturbance is prohibited unless a permit is 
granted and it has been demonstrated that significant effects on the population and on the 
Natura 2000 conservation objectives can be excluded. 
 
Harbour porpoises are very well studied in the field and in experimental studies as well. 
Therefore, extensive datasets and peer reviewed literature are available on: 
 Audiograms, Temporary Threshold Shifts, behavioural response (Kastelein, Gransier, 

Marijt, & Hoek, 2015; Kastelein, de Jong, Tougaard, Helder-Hoek, & Defillet, 2022), 
 Disturbance distances (Brandt, et al., 2018; Graham, et al., 2019), 
 Distribution (Gilles, Ramirez-Martinez, Nachtsheim, & Siebert, 2020; Gilles, et al., 2025), 
 Population models (iPCoD, DEPONS), 
 Impact assessments for offshore wind farms. 
 
Since the publication of KEC 5.0, new information and/or insights became available on 
disturbance distances (see §3.1), harbour porpoise distribution (see §5.1) and population 
models (see Chapter 6). 
 
The ecological standard established by the Dutch government requires a high degree of 
confidence (95%) that the porpoise population on the Dutch continental shelf (DCS) will 
not decline by more than 5% due to disturbance by offshore wind farm construction. 
The porpoise population on the DCS is defined as the number of porpoises within the 
boundary of the DCS, derived from maps in which the distribution of porpoises in the summer 
for the entire North Sea is modelled (see §5.1). 

2.1.3 Seals 
Since KEC 4.0 (Heinis, de Jong, & von Benda-Beckmann, 2022) seals are included in the 
assessment of the cumulative effects of the development of offshore wind energy. This is 
because the Dutch coastal habitats (Wadden Sea and Delta) are important for the European 
populations of harbour seals and grey seals. Their hearing range spans frequencies between 
app. 0,1 – 60 kHz (Kastelein, Wensveen, Hoek, Verboom, & Terhune, 2009; Ruser, 
Anderson Hansen, Wahlberg, Schaffeld, & Siebert, 2025). At frequencies below 4 kHz seals 
can hear better than harbour porpoises. Seals can encounter wind farm construction sites 
during their foraging trips or when migrating between the United Kingdom and the 
Netherlands. Both seal species are strictly protected under the MSFD and Dutch law 
(Environment and Planning Act – Omgevingswet)3.  
Seals are very well studied in and around the North Sea as well as in experimental studies: 
 Audiograms, Temporary Threshold Shifts, behavioural response (Kastelein, Helder-Hoek, 

Kommeren, Covi, & Gransier, 2018), 

_______ 
3 https://iplo.nl/regelgeving/omgevingswet/documenten/english-environment-and-planning-act/the-environmental-

activities-decree-bal-2020/ 

https://iplo.nl/regelgeving/omgevingswet/documenten/english-environment-and-planning-act/the-environmental-activities-decree-bal-2020/
https://iplo.nl/regelgeving/omgevingswet/documenten/english-environment-and-planning-act/the-environmental-activities-decree-bal-2020/
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 Disturbance distances (Aarts, Brasseur, & Kirkwood, Response of grey seals to pile-
driving, 2018), 

 Abundance in the (international) Wadden Sea and Dutch Delta based on aerial surveys 
of haul-out locations, 

 Distribution on the North Sea based on telemetry data (Aarts, 2021), 
 Population models (iPCoD), 
 Impact assessments for offshore wind farms. 
 
Since the publication of KEC 5.0, high-resolution distribution data for harbour and grey seals 
in Northwest Europe became available. It comes from a major study that combined GPS 
tracks from more than 840 seals across seven countries (Carter, et al., 2025), see §5.2. 
 
Whereas effects of wind farm development on seals are covered in the KECs and IEAs, seals 
are not included in the tender requirements for wind farm developers. The reason for this is 
that the calculations for the KEC have shown that the relative effects on the populations of 
harbour and grey seals are very small. By imposing restrictions on the noise produced during 
the construction to prevent effects on the harbour porpoise population, the very small effects 
on seals are also limited. 
  
The ecological standard established by the Dutch government requires a high degree of 
confidence (95%) that the harbour seal and grey seal populations will not decline by more 
than 5% due to disturbance by offshore wind farm construction. The population of harbour 
seals or grey seals on the DCS is defined as the number of harbour or grey seals within the 
boundary of the DCS, derived from maps in which the distribution of seals with haul-out 
sites in the international Wadden sea and the Delta region is modelled. 

2.1.4 Other marine mammals 
As in the KEC 4.0, the KEC 5.0 focuses exclusively on the three native species of marine 
mammals commonly found in the Dutch section of the North Sea (harbour porpoise, harbour 
seal and grey seal). In the Dutch section of the North Sea, other marine mammal species are 
observed almost annually (minke whale, white-beaked dolphin) or with some regularity (other 
dolphin species4, pilot whale, beaked whale, northern bottlenose whale, sperm whale), albeit 
in low numbers (Geelhoed S. , 2024). Based on the results of the North Sea-wide SCANS IV 
survey, the densities of white-beaked dolphins and minke whales are modelled by (Gilles, et 
al., 2025). The results are presented in Figure 2.1. 
 

_______ 
4 Bottlenose dolphin, short-beaked common dolphin, striped dolphin, Atlantic white-sided dolphin, Sowerby’s beaked 

whale. 
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Figure 2.1: Modelled densities of white-beak dolphin (left) and minke whale (right) based on the SCANS-IV 
survey (Gilles, et al., 2025). Note the different colour scales. 

Within the DEMASK project, white-beaked dolphins and minke whales are selected as 
indicator species for high-frequency and low-frequency cetaceans, respectively (Calonge, et 
al., 2025). Like other marine mammals they are sensitive to anthropogenic noise, particularly 
impulsive low frequency sounds which can disrupt their natural behaviour (Stone, Hall, 
Mendes, & Tasker, 2017; Tougaard J. , 2021). Although behavioural responses to impulsive 
sounds are demonstrated, for both species it is not yet possible to extract robust response 
thresholds. However, response thresholds for minke whales appear to be considerably higher 
than for harbour porpoises (by some 40-50 dB) indicating a lower sensitivity to the noise than 
porpoises. Nevertheless, due to the (presumed) better hearing of minke whales at low 
frequencies, the actual reaction distances of minke whales and porpoises could be comparable, 
i.e. tens of km in the case of pile driving noise (Tougaard J. , 2021). 
 
Vessel noise has been shown to alter the behaviour of minke whales, reducing feeding 
activity, changing surfacing patterns, and potentially affecting calving success (Christiansen, 
Rasmussen, & Lusseau, 2013; Christiansen, Lynas, Lusseau, & Tscherter, 2015; Sivle, et al., 
2015; Kvadsheim, et al., 2017). Shipping noise can also interfere with the natural behaviour 
of white-beaked dolphins. Based on field data, (Reverberi, 2023) showed that continuous 
noise from shipping vessels can suppress their acoustic activity, potentially interfering with 
communication and other vital behaviours. 
 
For the time being, it does not seem necessary to include white-beaked dolphins and minke 
whales in the KEC-framework. As can be seen in Figure 2.1, the probability of these two 
species being present in potential wind farm sites in the Dutch part of the North Sea is so low 
that population impacts can be excluded a priori (see also Geelhoed, 2024).  

2.1.5 Fish 
Fish use sounds to navigate, communicate, detect prey/predators, migrate, mate and select 
habitats (Popper & Hawkins, 2029). In general, fish are sensitive to relatively low frequency 
sounds with hearing ranges below 1 kHz. Herring, however, has an enhanced hearing ability 
up to 4 kHz (Enger, 1967). Therefore, their hearing ranges, in most cases, completely overlap 
with low-frequency anthropogenic sounds, such as pile-driving, operational wind farm and 
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shipping noise. Impulsive sounds could lead to a variety of physical effects or other physical 
damage, including death (by barotrauma). Effects that indirectly could affect the population 
include impaired hearing (permanent or temporary), masking and changes in behaviour. 
A variety of effects of continuous sounds is reported too, including physical effects (to a lesser 
extent than impulsive sounds), effects on hearing, masking and behaviour. One of the main 
contributors to significant near-field background noise is vessel noise, which falls in the same 
frequency range as fish vocalisations.  
 
Within the DEMASK project Atlantic cod, haddock, ling, Atlantic herring and Atlantic salmon 
were selected as indicator species. The selection is based on both vulnerability (average of 
scores based on literature and the expert consultation survey) and data quality scores 
(Calonge, et al., 2025). These species had sufficient evidence of vulnerability to underwater 
noise and/or are considered of high commercial value and ecological importance. As the 
selection of species is based on knowledge presently available, these species may not 
necessarily be the most sensitive species in an absolute sense. However, indicator species 
may reflect unfavourable changes to the ecosystem due to anthropogenic noise, through 
known impacts of noise on the individuals and their population. These indicator species also 
reflect important habitats and migratory characteristics (Figure 6 in (Calonge, et al., 2025)). 

 
The three demersal fish species Atlantic cod, haddock and ling have a physoclistous (closed) 
swim bladder, which means that there is no connection between the swim bladder and the 
gut. The other two selected species, Atlantic herring and Atlantic salmon have a 
physotomous (open) swim bladder which allows them to gulp/burp air at the surface. 
All physoclistous fish species are more susceptible to barotrauma injuries compared to 
physostomous fish and those lacking a swim bladder (such as sand eels, which are very 
important prey fish). All mentioned fish species produce sounds for communication which can 
be masked by anthropogenic, low frequency noise. The NWO project APELAFICO5 gathered 
data of pelagic fish behaviour during the construction of the Hollandse Kust Zuid and 
Hollandse Kust Noord wind farms and did not find evidence of deterrence. This is one of the 
few projects that investigated fish responses in field situations. It is concluded that quite some 
information is available on fish sensitivity to anthropogenic noise (see overview in (Calonge, 
et al., 2025)), but that it is not yet possible to derive clear thresholds for effect distances and 
quantified relationships between demonstrated effects and vital rates (survival, reproduction). 

2.1.6 Invertebrates 
In the DEMASK project five invertebrate indicator species were selected: the crustaceans 
European lobster and Norway lobster, the bivalves blue mussel and great scallop and the 
common cuttlefish as a representative of the cephalopods (Calonge, et al., 2025). Within the 
group of the invertebrates these species, that all live in or near the sea floor, scored high for 
all assessed scores, i.e. high noise vulnerability, high data quality and high general 
susceptibility. A high score for noise vulnerability indicates that they can detect sound in the 
frequency range of anthropogenic noise, that they have been shown to be affected by noise 
pollution, and that they are species of particular concern and importance due to their high 
ecological and commercial significance. A high score for data quality indicates that there is 
relatively high confidence in the sources used to determine noise vulnerability, while a high 
general susceptibility score indicates that the species can be regarded as susceptible to 
stress induced by noise pollution (but also other environmental stressors) based on intrinsic 
factors uncoupled to the specific literature currently available for the vulnerability assessment. 

_______ 
5 https://www.nwo.nl/projecten/nwa123618004 

https://www.nwo.nl/projecten/nwa123618004
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To cover the group of planktonic invertebrates, it is suggested by (Calonge, et al., 2025) to 
also include the copepod Acartia tonsa, even if data availability is currently poor. 
 
Whereas it is not possible to derive thresholds for effect distances for fish species, for 
invertebrates there is even less information available about the ecological relevance of 
specific responses and effects on productivity or survival. Moreover, the six invertebrate 
species that are suggested as representative indicator species for the North Sea are not all 
representative for the Dutch part of the North Sea and, of course only represent a very 
small fraction of all invertebrate species possibly vulnerable to underwater noise in the 
region. The species selection in the DEMASK project should, therefore, be seen as a first 
step to achieve a more comprehensive and ecosystem-based risk assessment of underwater 
noise, considering species from different taxa, habitats and trophic levels. However, until now 
it is not yet clear to what extent man-made sounds could affect invertebrate species in the 
North Sea. 

2.1.7 Diving sea birds 
Recent studies demonstrated that (deep) diving sea birds (alcids, puffins, sea ducks, 
cormorants) can detect underwater sounds and are, therefore, potentially vulnerable to 
anthropogenic underwater noise. Research is still sparse, but growing evidence shows that 
some seabirds can detect underwater sound well enough for noise to interfere with foraging, 
navigation, and avoidance of fishing gear.  
 
Limited data exist for underwater hearing sensitivity in diving birds and only for cormorants 
and sea ducks, including the eider (Somataria molissima), measurements from psychoacoustical 
studies of underwater hearing sensitivity are available. These studies confirm functional 
underwater hearing with maximum sensitivity between 1 and 3 – 4 kHz and a hearing 
threshold of approximately 105 dB re 1 µPa in sea ducks (McGrew, et al., 2022). 
Their hearing is, therefore, considerably less sensitive than marine mammals that possess 
specialized underwater hearing with much lower hearing thresholds, but sufficient to detect 
low-frequency and mid-frequency noise from ships, construction and sonar. 
A psychoacoustical study on a cormorant (Phalocrocorax carbo) suggests that this species 
is better adapted to underwater soundscapes, with a maximum sensitivity at 2 kHz and an 
underwater hearing threshold of 71 dB 1 re µPa (Larsen, Wahlberg, & Christensen-
Dalsgaard, 2020). 
 
Such data are not available for the guillemot (Uria aalge), a common, protected species on 
the DCS for which the presence of wind farms has been shown to lead to habitat loss 
(Peschko, et al., 2024; Grundlehner, Leopold, & Kersten, 2024). It is not known whether 
underwater noise during construction and/or the operational phase could also play a role in 
the observed effects. Due to the increased presence of ships, not only the visual disturbance 
of birds increases, but the underwater noise due to the frequent presence of maintenance 
ships, etc. too. Experimental research has shown that guillemots do respond to underwater 
broad band sound bursts and naval mid-frequency sonar at relevant frequencies and sound 
levels (Anderson Hansen, et al., 2020; Anderson Hansen, Mooney, & Wahlberg, 2024). It is, 
however, not yet possible to make unequivocal statements about the implications of these 
results for the effects observed in the field.   
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2.2 Effects considered  
KEC 5.0 considers the effects of significant behavioural changes and effects on hearing 
(noise induced hearing loss) of porpoises and seals from sound exposure caused by offshore 
wind related activities. 

2.2.1 Significant behavioural change by disturbance 
A significant behavioural change is assumed to represent a score of 5 or higher on the 
behavioural response severity scale in (Southall, et al., 2007). In (Southall, et al., 2021) this 
table was updated and split into tables for responses of captive and free ranging marine 
mammals. Based on an updated review of published studies, the response of porpoises to 
pile driving sound was scored as 6 on the new behavioural response severity scale for free 
ranging marine mammals. This score refers to ‘sustained avoidance behaviour’, ‘reduction of 
foraging success less than typical daily intake requirements’, ‘reduction of advertisement 
and courtship behaviours potentially sufficient to reduce reproductive success’ and ‘disruption 
of parental attendance behaviour’. These are all significant behavioural changes affecting 
feeding, survival and reproduction and hence potentially affecting the population.  

2.2.2 Noise induced hearing loss 
PTS and blast trauma need to be avoided because these are seen as permanent injury of an 
animal and the Environmental Activities Decree of the Netherlands6 includes the specific duty 
of care (Article 11.27). It states that any person who engages in activities and knows or can 
reasonably suspect that those activities may have adverse effects on a specific species must 
take all measures that can reasonably be required from that person to prevent, mitigate or 
limit those effects. 
 
Temporary increases in the hearing threshold (TTS) are not included in the KEC because 
negative impacts on the ability of porpoises to find and catch food can be excluded, and 
consequently their chance of survival. The frequencies at which TTS can occur after 
exposure to pile driving noise do not lie within the frequency range relevant for finding food 
via echolocation (Kastelein, Gransier, Marijt, & Hoek, 2015). 

2.3 Quantifying population effects from 
disturbance 
The KEC 5.0 procedure for the effects of underwater sound from impact piling activities on 
marine mammal populations includes the following phases:  
1. The calculation of underwater sound exposure; 
2. The calculation of the probability of disturbance, determined by the calculated sound 

propagation and a sound dose-response relationship for the occurrence of a significant 
behavioural change in harbour porpoises and seals; 

3. The calculation of the number of harbour porpoises and seals disturbed by sound per 
event per day on the basis of the calculated probability of disturbance multiplied by the 
local density of animals; 

_______ 
6 https://iplo.nl/regelgeving/omgevingswet/documenten/english-environment-and-planning-act/the-environmental-

activities-decree-bal-2020/ 

https://iplo.nl/regelgeving/omgevingswet/documenten/english-environment-and-planning-act/the-environmental-activities-decree-bal-2020/
https://iplo.nl/regelgeving/omgevingswet/documenten/english-environment-and-planning-act/the-environmental-activities-decree-bal-2020/
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4. The calculation of the number of animal disturbance days on the basis of the number 
of disturbed animals per event per day multiplied by the number of days on which 
events takes place; 

5. The estimation of the possible impact on the population using the interim population 
consequences of disturbance (iPCoD) model; 

6. The assessment of the calculated population decline against the ecological target set 
by government; 

7. Adjustment of the noise standard to be imposed if the effects on the population are 
found to be unacceptable (in other words, if they exceed the ecological standard). 

 
It is unclear how to include disturbance due to the other sound sources associated with 
offshore wind farm construction (such as geophysical surveys and UXO detonation) in the 
iPCOD modelling. Both the nature and the duration of the disturbance differ between sound 
source types, which makes it uncertain if these lead to compatible ‘animal disturbance days’ 
as input for the iPCoD calculations. This is a very difficult topic for which no way forward has 
been proposed yet.  

2.4 Quantifying effects on hearing 
The possible effects of noise induced hearing loss (Permanent Threshold Shift; PTS) on 
individual vital rates are not well understood and likely limited (Booth & Heinis, 2018).  
Population effects resulting from noise-induced PTS are not considered in the KEC 
scenarios, because the Dutch regulation requiring that PTS should be avoided (§2.2.2).  
 
The cumulative exposure dose (SELCUM) is calculated to determine whether an animal is at 
risk of PTS due to exposure to impulsive sound from piling or UXO clearance. The SELCUM 
weighted for the hearing sensitivity of the animal is compared to a frequency-weighted 
threshold for SELCUM to PTS (Southall et al., 2019). For UXO detonation this concerns a 
single impulse, but for piling sound the procedure for calculating the cumulative exposure 
dose takes into account the piling scenario (the variation of the hammer strike energy during 
piling) and a swimming scenario, depending on the distance from the piling location where 
the animal is located when piling starts. This procedure largely corresponds to the calculation 
of cumulative exposure prescribed in the Danish guideline for underwater noise (Danish 
Energy Agency, 2023). 
 
Calculations for KEC 5.0 showed that the noise limit imposed to prevent significant effects 
of pile driving on the porpoise population ensures that the risk of PTS is negligible as long as 
the imposed regulations and mitigation at wind farms are implemented.  
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3 Exposure assessment 

The first step in the KEC procedure for calculating the effects of underwater sound 
associated with offshore wind on marine mammal populations is the calculation of sound 
production and sound propagation for the relevant sound sources. This chapter provides 
an update on the status of the available models. 

3.1 Impact piling 
The initial focus of KEC was on the effects of the underwater sound from impact piling for 
wind turbine and platform foundations. In the KEC calculations (Heinis, de Jong, & von 
Benda-Beckmann, Framework for Assessing Ecological and Cumulative Effects 2021 (KEC 
4.0) – marine mammals, 2022; Heinis, de Jong, & von Benda-Beckmann, 2025), TNO used 
its Aquarius 4 model (de Jong, et al., 2019) for the piling sound calculations. Other models 
can be used, provided that these take into account the properties of the hammer, the pile, 
bathymetry and seabed properties and that the model verification and validation is 
demonstrated, e.g. for the COMPILE benchmark cases (Lippert, et al., 2016; Lippert, Nijhof, 
& Lippert, 2018). 
 
The Aquarius 4 model utilizes several first-order analytical estimations. It is mainly aimed at 
large-scale calculations for construction of multiple wind farms over multiple years, in an early 
stage when details of piles, hammers and noise abatement systems are not yet known. Noise 
reduction measures such as bubble curtains are not explicitly modelled. 
 
For environmental impact assessment studies in which more detailed information is available, 
several detailed modelling approaches are available, as summarized in (Lippert, et al., 2016; 
Lippert, Nijhof, & Lippert, 2018; Tsouvalas, 2020).  
 
Uncertainty in the modelled impact sound generally increases with increasing frequency. 
This complicates the modelling of hearing-weighted sound exposure levels, in particular for 
harbour porpoises with their ‘very-high frequency’ (VHF) weighting (Southall, et al., 2019). 
 
The lack of validation of impact piling sound models remains. Though most offshore piling 
projects require underwater noise monitoring, for example to verify that the applicable 
maximum limit for SELss(750m) is not exceeded, the measurement data are rarely made 
available for model validation. If made available, the data are often incomplete, lacking 
details about hammer and noise abatement system settings, or spectral content of the 
measured sound. Fortunately, monitoring programmes for offshore wind farm projects such 
as Ecowende7 have expressed a commitment to share data. 
 
At present, no new information became available since the publication of the KEC 5.0 report. 
 

_______ 
7 https://ecowende.nl/en/ 

https://ecowende.nl/en/
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3.2 Vibropiling 
KEC 5.0 (Heinis, de Jong, & von Benda-Beckmann, 2025) proposed estimating underwater 
sound from vibropiling by scaling of the limited monitoring data available, because it was not 
possible to model underwater sound from vibropiling accurately. Since then, joint-industry 
projects GDP8 and SIMOX9 have contribute to promising developments in vibropiling sound 
modelling (Molenkamp, Tsetas, Tsouvalas, & Metrikine, 2024; Peng, Tsetas, Molenkamp, 
Sertlek, & Tsouvalas, 2024). Underwater sound from the ‘Vibrojetting’ technique developed 
by GBM Works was measured and analysed in SIMPLE-III10. Though not yet for realistically 
sized turbine foundation piles, measurements from these studies provide insight in sound 
production and parameter dependences. Also, measurement data from full-scale vibropiling 
tests in the German VISSKA project have been published (Bellmann, Remmers, Brüers, & 
Poppitz, 2024). These recent measurements suggest that the scaled vibropiling sound levels 
calculated in the KEC 5.0 study likely largely overestimate vibropiling sound in the frequency 
range relevant for marine mammals most of the time. With proper reference to recent data 
and model validation, local studies for vibropiling projects may predict significantly lower 
sound levels. Further development of vibropiling underwater noise modelling is ongoing in the 
RVO-EKOO (Energie en Klimaat Onderzoek en Ontwikkeling) project Acoustic Simulations of 
Vibratory Installation Offshore (ASVIO)11. Results will likely be too late for implementation in 
KEC 6.0.  
 
During the installation of the turbine foundation piles for the Ecowende offshore wind farm, 
a few piles will be installed with a vibrohammer and with Vibrojetting. The results of the 
underwater sound measurements during these installations will become available in or after 
the summer of 2026. 

3.3 UXO detonation 
The KEC calculations for the detonation of unexploded ordnance (UXO) use a semi-empirical 
source model for the underwater explosion and the Aquarius 3 (point source, normal mode) 
propagation model, with an empirical correction factor for explosions in shallow water. 
The model is validated against measured sound levels from UXO detonation in the North Sea 
(von Benda-Beckmann, et al., 2015; Salomons, Binnerts, Betke, & von Benda-Beckmann, 
2021). The Aquarius 3 model is also used for calculating the sound distribution from ADDs. 
 
Comparison of model predictions with small explosives (< 1 kg) in shallow water 
environments indicate that the empirical correction factor in (von Benda-Beckmann, et al., 
2015) leads to a significant underprediction of levels compared to measurements in the 
literature (TNO, unpublished). Therefore, the correction factor is likely dependent on the 
charge weight. This means that impacts within KEC 5.0 for smaller explosives may be 
underestimated. Overall, the majority of the contribution from UXO clearance comes from 
larger explosives, partly because the larger impact areas, but also because the use of ADDs 
is less effective for larger explosives, for which the impact range is larger than the range 
up to which animals are deterred by ADDs. Non-linear modelling may be used to develop 
correction factors that are charge weight-dependent and thus provide a more accurate 
prediction of the overall effects of UXO clearance. 
 

_______ 
8 grow-offshorewind.nl/project/gentle-driving-of-piles 
9 https://grow-offshorewind.nl/project/simox 
10 https://grow-offshorewind.nl/project/silent-installation-of-monopiles-iii-simple-iii 
11 https://projecten.topsectorenergie.nl/projecten/acoustic-simulations-of-vibratory-installation-offshore-38923 

https://grow-offshorewind.nl/project/gentle-driving-of-piles
https://grow-offshorewind.nl/project/simox
https://grow-offshorewind.nl/project/silent-installation-of-monopiles-iii-simple-iii
https://projecten.topsectorenergie.nl/projecten/acoustic-simulations-of-vibratory-installation-offshore-38923
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Recent studies have provided more insight into the validity of the empirical correction factor 
adopted in (von Benda-Beckmann, et al., 2015). This factor was originally introduced to bring 
model predictions based on semi-empirical deep-water source models combined with shallow 
water (linear) propagation models in agreement with observations of large explosives in the 
North Sea. By combining modelling of non-linear propagation of the underwater explosion 
and coupling this to propagation models for larger distances, accurate predictions of 
underwater explosions could be achieved without requiring a correction factor (Salomons, 
Tuitman, von Benda-Beckmann, & Peixoto Dourado, 2025). Non-linear propagation in 
shallow water near the explosion is therefore a likely cause of the discrepancy for which the 
empirical correction was previously proposed. Non-linear models for underwater explosions 
are very computing intensive and are still limited in resolving high frequencies (> 5 kHz) 
which are required to predict effects on hearing, in which frequency weighted sound exposure 
levels are used. The model proposed in (Salomons, Tuitman, von Benda-Beckmann, & 
Peixoto Dourado, 2025) does not yet cover all frequency contributions that dominate the 
impact, which are in the frequency range of 1-20 kHz if the frequency weighting function for 
harbour porpoises proposed by (Southall, et al., 2019) would be adopted for assessing the 
effects.  

3.4 Geophysical surveys 
In KEC 5.0 no location-specific sound calculations have been made for quantifying the 
exposure of animals to sound from geophysical surveys but an average disturbance distance 
for harbour porpoises and seals has been estimated for each sound source. See §4.4 for an 
update on these estimations. 

3.5 Operational wind farms 
The KEC 5.0 report (Heinis, de Jong, & von Benda-Beckmann, 2025) indicated that 
continuous sound from operational wind turbines is generally only considered of interest 
locally when ambient sound from wind and shipping is very low (Tougaard, Hermannsen, & 
Madsen, 2020). It is suggested (Bellmann, Müller, Scheiblich, & Betke, 2023) that this also 
holds for the sound from service vessels inside the wind farms.  
 
The InterReg project DEMASK12 underwater sound investigates this further, by measuring in 
operational wind farms with the aim to determine the sound emission from different types of 
operational turbines in relation to other sound sources in and around the wind farm. Also, the 
radiated sound from crew transfer vessels in transit to the wind farm is measured, and 
attempts are made to quantify the sound from service vessels from the opportunistic 
measurements in wind farms. No new data on the nature and extent of the potential effects 
of underwater sound in operational wind farms on aquatic life are gathered, but DEMASK 
reviews available data.  
 
The final results from DEMASK are expected towards the end of 2026. These are probably 
too late to be incorporated in the KEC 6.0 development. Initial findings do not contradict the 
general impression that effects from underwater sound from operational wind farms are 
limited to the wind farm area. In comparison with the total area of the Dutch EEZ (DCS), 
the total area of the Dutch offshore wind farms included in the KEC 5.0 calculations is quite 
small, less than 5% of the DCS area. Shipping lanes cover about 6% of the DCS area. As 
shown in Figure 3.1, some parts of the DCS might be hard to cross for animals that try to 

_______ 
12 https://www.interregnorthsea.eu/demask 

https://www.interregnorthsea.eu/demask
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avoid shipping lanes as well as wind farm areas. However, it is unclear if operational wind 
farms act as a barrier for animals. 
 

 
Figure 3.1: Map of the shipping lanes and wind farm areas on the Dutch part of the North Sea, from 
https://open.overheid.nl/documenten/53b6c8a3-9ccb-4038-a901-cad6ff4e7a4e/file  

https://open.overheid.nl/documenten/53b6c8a3-9ccb-4038-a901-cad6ff4e7a4e/file
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There are little data on the use of wind farm areas by marine mammals. From a review of 
surveys in the OWEZ, Luchterduinen, Gemini and Borssele wind farms between 2007 and 
2023 (Leemans & Fijn, 2023) it was concluded that harbour porpoises were seen year-round 
inside offshore wind farms. Some were occasionally observed at close distances to 
operational wind turbines, but observations at the water surface suggest that harbour 
porpoises mainly avoid close distances (< 500 m) to operational wind turbines.  
 
This suggests that the possible impact of underwater sound in operational wind farms should 
be considered in local impact assessments, but that the current state of knowledge does not 
indicate significant risk of large-scale population effects. 
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4 Probability of disturbance 

A dose-response relationship describes the probability of an effect, such as an animal being 
disturbed, as a function of the sound level (dose) to which the animal is exposed. The choice 
for using a dose-response relationship for the disturbance of porpoises and seals by piling 
sound instead of a fixed threshold for exposure level or disturbance distance was made in 
KEC 4.0, based on (Tyack & Thomas, 2019). The benefits of this choice are confirmed by 
the comprehensive review and recommendations in (Sinclair, Kazer, Ryder, New, & Verfuss, 
2023) and (Sinclair, 2025).  

4.1 Dose metrics 
In KEC 5.0, the risk of a significant behavioural response (see §2.2.1) in porpoises and seals 
is quantified by a dose-response relationship that relates the unweighted broadband single 
strike sound exposure level (SELss) to the probability of disturbance.  
 
For other sound sources and effects for which the data are lacking to develop an appropriate 
dose-response relationship, KEC 5.0 proposes assessment based on discrete dose threshold 
values: 
 The risk of noise-induced hearing loss (PTS) in porpoises and seals is quantified on the 

basis of exceeding the threshold values for the broadband auditory-frequency weighted 
cumulative sound exposure level (SELcum) proposed by (Southall, et al., 2019). For 
impulsive sounds (from pile driving and air guns), this is supported by (Tougaard, 
Beedholm, & Madsen, 2022).; 

 Disturbance by sound from vibropiling and geophysical surveys is assessed on the basis 
of a threshold sound pressure level spectrum (assuming that the sound is stationary) at a 
specified level (45 dB for porpoises and 60 dB for seals) above the generalised audiogram 
proposed by (Southall, et al., 2019); 

 Disturbance of seals and porpoises by acoustic deterrent devices (ADDs) is assessed on 
the basis of effective deterrence ranges derived from field observations, see (Heinis, de 
Jong, & von Benda-Beckmann, 2025); 

 The risk of acoustic trauma or PTS from UXO clearance is assessed based on estimated 
effect ranges, see (Heinis, de Jong, & von Benda-Beckmann, 2025). 

 
The variety of dose metrics and assessment criteria for different effects, as used in impact 
assessment studies such as KEC 5.0, is an unsatisfactory compromise that must be made 
due to lack of more appropriate information. A single dose metric for behavioural and 
physiological effects from different types of sound exposure would simplify regulatory 
processes significantly. 

4.1.1 Statistics of piling sound metrics 
The KEC 5.0 procedure assess the effects of impact piling sound on porpoises and seals 
based on the maximum unweighted broadband SELss occurring during a piling day. 
Consequently, acoustic standards (noise limits) for offshore piling projects are in force for 
the maximum measured SELss(750m). Considering the conditions offshore this can be 
quite stringent. The SELss from individual hammer strikes will vary due to variations in the 
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resistance of the sediment layers in which the pile penetrates as well as due to environmental 
conditions that, for example, affect noise abatement with bubble curtains.  
  
The German government enforces a noise limit on the 5% exceedance level of all SELss 
values from the installation of a pile. The measurement instruction for underwater sound 
monitoring for offshore wind farms (Müller & Zerbs, 2011) allows calculating SELss per strike 
as well as taking averages over 30-second time windows, taking into account the number of 
strikes in each window, and then determining the 5% exceedance level from the statistics of 
these 30-second average values of SELss. This provides some flexibility for measurement 
uncertainties.  

4.1.2 Auditory frequency and time weighting 
It is recognized that auditory frequency weighting, as applied for all sources except impact 
piling, might provide a better prediction of behavioural response. This was suggested by 
(Tougaard, Wright, & Madsen, 2016) and supported by a porpoise exposure study (Kastelein, 
de Jong, Tougaard, Helder-Hoek, & Defillet, 2022). However, a study on the monitoring data 
from the construction of the Borssele wind farms showed that the observed reduction in 
detections of harbour porpoise clicks was not better predicted by frequency-weighted SELss 
than by unweighted SELss (de Jong, et al., 2023). It was therefore decided in KEC 5.0 to 
maintain the assessment based on the available dose-response relationships for impact 
piling based on unweighted SELss, for the time being. 
 
The need for auditory frequency weighting was again addressed in two recent publications: 
 Lucke et al. (Lucke, et al., 2024) provide several recommendations to refine the dose 

metrics to be used in noise impact assessment, including proposed auditory weighting 
functions for marine mammal and fish species groups and a single kurtosis-corrected 
exposure metric for hearing effects from impulsive and non-impulsive sound types. 

 Tougaard (Tougaard J. , 2025) proposed quantifying ‘perceived loudness’ as metric for 
behavioural reactions of porpoises to impact pile driving sound, suggesting that this could 
be valid for other types of sound as well. This involves time- and frequency-weighting, 
similar to the ‘rms-fast’ weighting in human audiometry (Tougaard & Beedholm, 2019).  

 
These proposals are reviewed in Appendix A We conclude that the proposed metrics are 
interesting and deserve further investigation. However, as long as there is no consensus on 
the appropriate parameters (such as auditory weighting function, integration time) to calculate 
these metrics, no appropriate dose-response relationships are available for the proposed 
dose metric and no clear evidence exists that these provide a better prediction of porpoise 
disturbance than the currently used unweighted levels, we see no benefit in introducing a 
new metric for impact piling sound in the KEC approach. 

4.2 Dose-response relationships for impact 
piling sound 
The dose-response relationship derived by (Graham, et al., 2019) for the response of harbour 
porpoises to the sound of the piling for the first turbine foundation was adopted in KEC 4.0, 
as a precautionary approach for impact assessment. As observed in the KEC 5.0 report 
(Heinis, de Jong, & von Benda-Beckmann, 2025), this choice resulted in calculated effective 
disturbance distances up to ~80 km from unmitigated piling projects in UK waters. This is 
much larger than the effective deterrence range (EDR, see Appendix B.3) of 26 km assumed 
in UK impact assessments (JNCC, 2020). A recent study, from the UK PrePARED project 
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(see Appendix B), looking at unmitigated piling of seven monopiles (9.5 and 10 m diameter) 
for the Moray West Offshore Wind Farm, determined effective deterrence ranges of less than 
10 km (Benhemma-Le Gall, et al., 2024), suggesting that the assumed 26 km is probably an 
overestimate. This was confirmed in subsequent reports (Brown, et al., 2023; Thompson, et 
al., 2025; Majewska, Brown, Charish, Quinn, & Matei, 2025). This led to the updated EDR of 
20 km for impact piling without noise mitigation that is implemented in a recent update of the 
UK impact assessment guidelines (JNCC, 2025), see Appendix B.  
 
This leads to the question if future KEC updates should use another, less conservative, 
dose-response relationship. Unfortunately, data are lacking to develop a validated 
dose-response function.  
 
Studies on dose-response relationships are scarce, even for well-studied species and sound 
sources as porpoises exposed to impact piling sound. In the KEC 5.0 report, an attempt was 
made to compare dose-response curves from different studies. This showed a very large 
spread. An updated critical review of the studied, see Appendix C, revealed that the different 
dose-response relationships are not compatible between studies, because each study uses 
a different definition for the quantities representing dose and probability of response.  

4.3 Disturbance by UXO clearance 
To protect the environment, current practice is to use an acoustic deterrent device (ADD) 
to drive animals away before unexploded ordnance (UXO) is detonated. No additional 
information has become available on ADDs, but in the UK, JNCC has published updated 
guidelines (JNCC, 2025), see Appendix B.3. These appear in line with the KEC 5.0 
assumptions for the ADDs that are used during UXO detonation, though slightly different. 
The JNCC 2025 guidelines were based on a literature review (Majewska, Brown, Charish, 
Quinn, & Matei, 2025) and propose an effective deterrent range (EDR) of 8 km for Lofitech 
ADD operations shorter than 15 minutes or 11 km for durations exceeding 15 minutes. 
In the KEC assessment an operation duration of 30 minute is assumed, and two thresholds 
are proposed: 7 km (likely disturbance) and 18 (possible disturbance).  
 
In KEC 5.0 it was assumed that it is unlikely that behavioural disturbance resulting from 
exposure to the sound of a single UXO detonation will have an effect on marine mammal 
populations (Southall et al., 2007). The JNCC guidelines, however, propose an EDR of 20 km 
for unmitigated, high-order, UXO clearance, which has been chosen to be the same as the 
EDR for other loud impulsive sound sources such as unmitigated impact piling and air guns. 
Observations of porpoise click presence in relation to UXO clearance indicated reduced click 
presence for large explosives (250 kg TNT eq.) at monitoring stations < 12 km from the UXO. 
At distances > 25 km median and maximum acoustic detections were slightly higher than 
baseline (Majewska, Brown, Charish, Quinn, & Matei, 2025). The study could not disentangle 
responses to use of ADD and explosions. These findings indicate that behavioural 
disturbance distances likely fall within a range of 11 to 25 km. 

4.4 Disturbance by geophysical surveys 
The recent JNCC guideline (JNCC, 2025), see Appendix B.2, also proposes effective 
deterrent ranges (EDRs) for the operation of different geophysical survey instruments. 
For sub-bottom profiler, and multi-beam echosounders, an EDR of 3 km has been proposed. 
The review by (Majewska, Brown, Charish, Quinn, & Matei, 2025) indicates a lack of data of 
observed responses of porpoises and seals to these systems. 
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A recent study by a joint study of NIRAS, Aarhus University and Energinet (Mikaelsen, et al., 
2025) found that the presence of porpoise presence using F-Pods in relation to operation of 
Ultra-Short-Baseline (USBL) acoustic positioning system used to operate geophysical 
surveys. (Pace, Robinson, Lumsden, & Martin, 2021) predicted effect distances for porpoises 
up to 3 km. The NIRAS (2025) report showed that metrics of porpoise click presence 
(porpoise positive minute, or PPM and clicks per minute, or CPM) decreased with increasing 
received level of USBL pulses. The study also indicated a more prevalent presence of USBL 
throughout baseline periods without geophysical surveys, presumably from other activities 
(e.g. fishing) using USBL systems. Although actual effect distances could not be established, 
the effects were determined on the scale of 3 km from vessels operating USBL, indicating 
that the scale of effect predicted by (Pace, Robinson, Lumsden, & Martin, 2021) and 
suggested by (JNCC, 2025) seems realistic. It is concluded that the assumptions in KEC 5.0 
are consistent with the results from this study. 
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5 Number of disturbed 
animals 

5.1 Harbour porpoise distribution maps 
In the KEC 5.0 study use was made of the harbour porpoise density map drawn up by Gilles 
et al. (Gilles, Ramirez-Martinez, Nachtsheim, & Siebert, 2020) for Rijkswaterstaat. This is an 
update of the summer density map for harbour porpoises from Gilles et al. (2016) (Gilles, et 
al., 2016), supplemented with data from the 2016 SCANS-III survey (Hammond, et al., 2021) 
and annual summer counts from Belgium, the Netherlands (by Wageningen Marine 
Research), Germany and Denmark during the period 2014 – 2019. An average North Sea 
population of 373,310 animals was calculated on the basis of this map. In the Dutch section 
of the North Sea, the average is 62,771 animals, in other words 17% of the total.  
 
Due to the lack of up-to-date maps for the other seasons, it has been assumed that the 
average distribution map applies for the year as a whole. The results of annual 2-monthly 
counts of bird presence at the DCS, which also include marine mammals, show that this 
assumption is probably incorrect (van Bemmelen et al., 2024 and earlier reports). In the 
period 2016 – 2024, the highest numbers of harbour porpoises were seen in January or 
February in most years and only in two years in the (early) summer (June/August). These 
data also show that the spatial and seasonal variation between years is large. It is not clear 
from the observations which parts of the DCS are preferably visited by porpoises. According 
to the most recent trend analysis by Statistics Netherlands based on these data, the trend in 
the numbers of the porpoise has been weakly increasing in the North Sea since 1991/1992, 
with an increase of 5% per year (p<0.01). The trend for the period 2014/2015 – 2023/2024 
has been stable, see Statistics Netherlands in (Van Bemmelen, et al., 2024). It is not known 
how the population will develop in the future due to unknown developments in the (possibly 
declining) habitat quality (https://www.natura2000.nl/rapportage-vogel-en-habitatrichtlijn). 
 
A fourth North Sea-wide SCANS survey was conducted in 2022 (Gilles, et al., 2023). The 
data show that the harbour porpoise distribution is dynamic, and that spatial shifts in harbour 
porpoise distribution over the course of the year and between years occur in the North Sea 
as a whole and in the Dutch section.  
 
The modelled distribution map based on based on the SCANS-IV survey data (Gilles, et al., 
2025) is compared with the Gilles et al. 2020 map in Figure 5.1. Note that the new map 
represents a single summer (2022) snapshot, while the Gilles et al. 2020 map is based on 
data from multiple summers (2014-2019). 
 
For the DCS population, the following differences between the two harbour porpoise 
distribution maps can be observed (Geelhoed S. , 2024): 
 The densities off the coast of North Holland are lower; 
 The densities to the north of the Wadden Islands are higher. 
 
Table 5.1 gives the estimates of the total number of porpoises in the SCANS North Sea area 
and in the SCANS block that approximately covers the Dutch economic zone (DCS), from the 
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two SCANS surveys (Hammond, et al., 2021; Gilles, et al., 2023). These are compared with 
the modelled data used in KEC 4.0 and 5.0 (Gilles, Ramirez-Martinez, Nachtsheim, & 
Siebert, 2020) and the modelled data of (Gilles, et al., 2025). If the new map reflects the 
actual distribution, it can be concluded that the numbers of porpoises on the DCS used in the 
KEC 4.0 and 5.0 studies were likely overestimated.  
 
The SCANS-IV data, along with results from more recent counts, are being used to draw up a 
new distribution map for harbour porpoises. Publication of that map is pending. 
 

 
Figure 5.1: modelled maps of the harbour porpoise density in the North Sea. Upper: from Gilles et al. (2020) 
(Gilles, Ramirez-Martinez, Nachtsheim, & Siebert, 2020), as used in KEC 4.0 and 5.0. Lower: modelled based 
on SCANS-IV data (Gilles, et al., 2025). Middle graphs: median; left and right graphs: upper and lower 
confidence graphs (the 2020 and 2025 data sets contain different percentiles: 90% versus 95%). The yellow 
dashed lines in these figures show the contours of the SCANS-IV blocks, the white lines show the contours of 
the national economic zones. 

Table 5.1: Average number of porpoises in the SCANS North Sea blocks and in the block that approximately 
covers the DCS, from the SCANS surveys and model and from the (2020) map used in KEC 4.0 and 5.0, with 
between brackets the difference relative to the 2020 map. 

 SCANS-III 
measurement 

2020 
model 

SCANS-IV 
measurement 

SCANS-IV 
model 

North Sea 
(SCANS ‘NS’ blocks) 322032 (-15%) 380292 338918 (-11%) 321227 (-16%) 

DCS 
(SCANS-III block N,  
SCANS-IV bock NS-H) 

58066 (-22%) 74604 55691 (-25%) 59674 (-20%) 
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5.2 Seal distribution maps 
Recently, results of a new study were published on the at-sea distribution of harbour seals and 
grey seals on the Northwest European Shelf (NWES) (Carter, et al., 2025). Tracking data 
gathered between 2005 and 2023 from 606 harbour seals (Phoca vitulina) and 236 grey seals 
(Halichoerus grypus) in waters of seven countries across the NWES were modelled, using 
regional habitat association models. Scaled to haulout counts at-sea distribution estimates 
were generated for both species at a 5 km resolution. Tracking data and haulout counts are 
presented for both species in Figure 5.2 and the predictions of at-sea distribution in Figure 5.3.   
 

 
Figure 5.2: Seal tracking data and haulout count data. Tracking data from (a) 236 grey and (b) 6060 harbour 
seals. White dots show capture locations. Haulout count data from most recent August surveys for (c) grey 
and (b) harbour seals. Light grey shading shows the study area, hatching shows excluded areas, and grey 
lines denote Exclusive Economic Zone (EEZ) boundaries. Figure taken from (Carter, et al., 2025). 
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Figure 5.3: At-sea distribution of grey and harbour seals on the NWES during the study season. Values 
show the mean estimate, scaled to absolute density (number of individuals averaged across the tidal cycle) 
per 5 km cell, based on the estimated at-sea population size in 2023. Hatching shows excluded areas. 
Figure taken from (Carter, et al., 2025). 

Analysis of the extent to which seals making foraging trips from one country occupy the EEZs 
of other countries revealed substantial transboundary overlap, particularly for grey seals. 
There is also a substantial transboundary exchange of harbour seals for the Wadden Sea 
countries, i.e. the Netherlands, Germany and Denmark. Of the harbour seals present at 
sea in the German EEZ at any one time, >1600 (~12%) are apportionable to haul-outs in 
the Netherlands. Because of the transboundary exchanges observed in grey seals (one 
metapopulation) and harbour seals (two metapopulations) it is made clear that impacts 
occurring at sea in one country may influence population trends across Europe.  
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6 Population effects 

The KEC 5.0 introduced new developments in the interim Population Consequences of 
Disturbance (iPCoD) modelling.  
 The demographic parameters for the North Sea porpoise population were updated. The 

high fertility parameters chosen in previous iPCoD calculations (KEC 3.0 and KEC 4.0), 
were replaced by low fertility parameters, based on recent studies (Murphy et al., 2020; 
Sinclair et al., 2020; IJsseldijk et al., 2021).  

 Tentative calculations were done with SMRU’s newly developed iPCoD+DEB model in 
which expert opinions on the effects of disturbance on vital rates are replaced with an 
energy budget model (Harwood, et al., 2024). It was recommended to further investigate 
and test the new model before relying on its results. 

 
The results of the follow-up iPCoD+DEB studies (the KEC update project for RWS by TNO 
and HWE jointly with a project at SMRU funded by the Wozep program) are presented in a 
separate report (Chudzinska, Risser, de Jong, & Heinis, 2026). 
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Appendix A 

Dose metrics 

Quantifying the risks associated with exposing aquatic animals to anthropogenic sound 
requires selecting the appropriate metrics for dose and response. The variety of dose metrics 
and assessment criteria for different effects, as used in impact assessment studies such as 
KEC 5.0, is an unsatisfactory compromise that must be made due to lack of more appropriate 
information. A single dose metric for behavioural and physiological effects from different 
types of sound exposure would simplify regulatory processes significantly.  
 
The following sections discuss the various aspects of the dose metrics proposed in two 
recent publications, (Lucke, et al., 2024) and (Thompson, et al., 2025). 

A.1 Auditory frequency weighting 
The history, development, and use of auditory weighting functions for noise impact 
assessment in humans and marine mammals is reviewed in (Houser, et al., 2017). 
It concludes with an extensive list of research recommendations to address data gaps and 
assumptions. It is observed from the review of the use of auditory weighting in the assessment 
of the effects of sound exposure on humans that “there appears to be little scientific 
justification or support to indicate that A-weighting is the optimal weighting function to be 
used across the wide range of applications for which it is currently applied. It may well be that 
alternative weighting functions are better suited to different situations”. On the other hand, 
“the long history of using a the A-weighting for humans across a broad spectrum of acoustic 
effects, along with little historical evidence of harm resulting from its application, suggests 
that there is utility in the application of A-weighting to effects ranging from annoyance to 
damage risk criteria”. Similarly, there might be utility in a single auditory weighting function 
for the assessment of the effects of sound on aquatic species groups. However, the long list 
of research recommendations in (Houser, et al., 2017) illustrates that it will likely take many 
years of research to provide evidence to support this. 
 
In the meantime, there is an urgent need to quantitatively predict the potential effect of 
offshore activities, such as the development of offshore wind, on marine life. Therefore, 
appropriate choices have to be made for the use of impact metrics and auditory weighting. 
 
Lucke et al. (Lucke, et al., 2024) recommend using a suitable auditory frequency weighting 
function (AFWF): 
 Auditory weighting (Southall, et al., 2019) for assessing auditory injury in marine 

mammals, 
 Auditory weighting (Lucke, et al., 2024) for assessing effects on fishes and invertebrates, 
 M-weighting (Southall, et al., 2007) for assessing behavioural response in marine 

mammals. 
 
Lucke et al. (Lucke, et al., 2024) choose for the broader M-filters instead of auditory 
frequency weighting functions for assessing behavioural responses in marine mammals, with 
the argument that the auditory frequency weighting functions for assessing auditory injury in 
marine mammals are not representing biologically relevant sound levels that might affect 
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animal behaviour. This “simplified and deliberately broad approach is intended to mitigate the 
risk of illogical conclusions related to animals responding to signals entirely outside of their 
hearing ranges while avoiding an overly prescriptive approach”.  
 
Tougaard (Tougaard J. , 2025) proposes using the (Southall, et al., 2019) VHF-weighting 
function in the calculation of the metric for quantifying behavioural reactions of porpoises to 
impact pile driving sound. 
 
Lucke et al. (Lucke, et al., 2024) recommend the use of a minimum phase filter 
implementation for calculating weighted sound pressure in the time domain. This reduces the 
phase distortion created by the zero-phase filter implementation used by (Tougaard & 
Beedholm, 2019). 
 
The US National Marine Fisheries Service has recently updated their technical guidance for 
assessing the effects of anthropogenic sound on marine mammal hearing (NMFS, 2024). 
In this guidance the concern for PTS is replaced by a concern for more general “auditory 
injury (AUD INJ)”, which includes but is not limited to PTS, and proposes updates exposure 
functions. The old and new exposure functions are shown in Figure A.1. 
 

   
                                                               
Figure A.1: Updated exposure functions for hearing effects in porpoises (VHF, very high frequency 
cetaceans, left graph) and seals (PCW, phocid carnivores in water, right graph) from exposure to sound 
from explosions, impact pile driving, air guns and other impulsive sources, from (NMFS, 2024). The solid lines 
are for TTS and the dashed lines are for auditory injury (PTS / AUD INJ). The thin lines show the original 
exposure functions from (Southall, et al., 2019), the bold lines show the updates exposure functions. 

The (Southall, et al., 2019) weighting functions are widely adopted in scientific studies and 
environmental impact assessments. It is not yet clear if the updated (NMFS, 2024) weighting 
functions will be adopted by the international community. These have the advantage that they 
are based on the latest data, but the disadvantage that the weighted sound levels are 
incompatible with previously reported levels. Reported (NMFS, 2024)-weighted SEL values 
differ a few dB due with (Southall, et al., 2019)-weighted SEL values for the same sound, see 
Table A.1. 
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Table A.1: Mean broadband SELss-metrics from the measured sound for the piling of pile U8 in the Gemini 
wind farm, see (de Jong, et al., 2019). VHF-weighted levels cannot be calculated from the measurements 
at 32 and 66 km (MP3 & MP4). Values in the table represent an upper limit, in which the high frequency 
background noise dominates over piling noise. The Southall and NFMS weighting functions have been 
applied to the decidecade band spectrum of the unweighted SELss-spectrum. The Tougaard 2025 values 
are predictions according to scaling formulae A.1 and A.2 (see §A.4). 

   MP1 MP2 MP3 MP4 
 Distance km 0.7 7 32 66 
 unweighted SELss  (re 1 µPa2s) dB  180 163 145 131 
porpoise Southall et al., 2007 M(HF)-weighted SELss dB  172 154 135 125 

Southall et al., 2019 VHF-weighted SELss dB 137 118 <101 <100 
NMFS 2025 VHF-weighted SELss dB  142 122 <103 <102 
Tougaard 2025 VHF- weighted SELss dB 145 119 95 79 

seal Southall et al., 2007 M(PW)-weighted SELss dB  178 160 141 129 
Southall et al., 2019 PCW-weighted SELss dB 161 143 124 114 
NMFS 2025 PCW-weighted SELss dB 161 143 123 114 

A.2 Time weighting 
KEC 5.0 assumes that the behavioural response of porpoises and seals when exposed to 
an impact piling event is driven by the unweighted single strike sound exposure level of the 
loudest strike. The calculation of single strike sound exposure level for impact piling implies 
the use of a uniform temporal weighting over a time window that includes all sound energy 
from a single piling strike sound. This metric is particularly meaningful for piling sound at not 
too large distance from the pile, where the signal duration is of the order of magnitude of the 
integration time of the animal’s hearing. Quantifying SELss requires that the piling sound 
energy is well above the energy of the background noise in the selected temporal observation 
window and frequency bandwidth, and that there is no temporal overlap in the received 
sound from subsequent piling strikes. Both requirements become more challenging with 
increasing distance from the pile, because the sound energy decays and the signal duration 
decreases with increasing distance, due to sound spreading, scattering and absorption.  

A.3 Time- and frequency-weighted SPL 
Lucke et al. and Tougaard suggest relating behavioural responses of marine mammals to 
‘loudness’, computed from the maximum level of the time- and frequency-weighted signal 
power measured over a specified temporal observation window. This observation window 
may represent the duration of a single sound event, or a fixed time period of e.g. one second, 
one minute or one hour. 
 
Tougaard (Tougaard J. , 2025) proposes using an exponential time weighting with a time 
constant of 125 ms, because it is already an established standard in human audiometry 
(‘fast’ time weighting) and provides a good average fit to data from harbour porpoises. 
 
Lucke et al. (Lucke, et al., 2024) recommend using uniform time weighting over a fixed 
temporal observation window (TOW), with relevance to the hearing integration time. They 
note that the precise value of the selected TOW to reflect hearing integration time is arbitrary 
and propose TOW = 100 ms, as the nearest round number in the range from a few tens to a 
few hundreds of milliseconds. They claim that this choice is made “to facilitate comparability 
between studies”. However, they might as well have chosen TOW = 125 ms and exponential 
weighting, so that the results can be compared with previously published results from 
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Tougaard et al. The reported weighted sound pressure level values will differ a few dB due to 
these different time weightings. 

A.4 Threshold value 
Tougaard (Tougaard J. , 2025), quotes even studies of porpoise reactions provided a first 
estimate of a behavioural reaction threshold as a (Southall, et al., 2019) VHF-weighted 
received sound pressure level (𝐿𝐿𝑝𝑝,125 ms,VHF) in the range 95–115 dB re 1 µPa. In the recent 
update of the Danish guidelines for impact assessment of pile driving (Smidt Lützen, Keller, & 
Tougaard, 2023) the pragmatic choice was made to use a response threshold at 
𝐿𝐿𝑝𝑝,125 ms,VHF=103 dB re 1 µPa. 
 
Tougaard provides an approximate conversion from unweighted broadband SELss (𝐿𝐿𝐸𝐸) for 
impact piling (as used in KEC) to broadband auditory frequency weighted SPL, depending on 
the distance (𝑟𝑟) to the pile: 

 𝐿𝐿𝑝𝑝,125 ms,VHF(𝑟𝑟) ≈ 𝐿𝐿𝐸𝐸(𝑟𝑟) −𝑊𝑊piling,VHF(𝑟𝑟) (A.1) 

with 

 𝑊𝑊piling,VHF(𝑟𝑟) ≈ (8.85 dB) × log10 �
𝑟𝑟

1 km
�  + 36.5 dB (A.2) 

This formula was derived from measurements (Bellmann, et al., 2020) from impact pile 
driving of monopiles in the German Bight, without noise abatement (air bubble curtains or 
similar). Tougaard assumes that the formula is applicable to similar types of pile driving in 
comparable environments. Table A.1 shows a comparison with measurements for 
unmitigated piling for the Gemini wind farm. The formula overestimates the VHF-weighted 
SELss at 750 m by 7 dB, but fits within 1 dB at 7 km distance. The comparison cannot 
be made for the points at greater distance (33 and 65 km) because there the measured 
VHF-weighted SELss is dominated by background noise.  

A.5 Threshold for vibropiling sound 
The KEC 5.0 report proposes quantifying disturbance of porpoises and seals by vibropiling 
sound on the basis of a threshold sound pressure level spectrum (assuming that the sound is 
stationary) at a specified level (45 dB for porpoises and 60 dB for seals) above the generalised 
audiogram proposed by (Southall, et al., 2019). This approach was derived from the 
suggested approach in (Tougaard, Wright, & Madsen, 2015). Michael Ainslie (JASCO) noted 
recently that the use of a threshold spectrum is not compatible with Tougaard’s approach. 
Tougaard et al. suggest: “sound pressure thresholds for avoidance reactions are in the range 
of 40–50 dB above the hearing threshold. We propose that frequency weighting with a filter 
function approximating the inversed audiogram might be appropriate when assessing 
impact”. This can be interpreted in multiple ways. Instead of assuming that disturbance 
occurs if the received sound pressure level from the vibropiling exceeds a specified threshold 
spectrum in one or more (decidecade) frequency bands, as proposed in KEC 5.0, it can also 
be assumed that disturbance occurs when the broadband auditory frequency weighted sound 
pressure level exceeds a specified (single number) threshold value. In personal communication 
with Ainslie and de Jong, Tougaard confirmed that the second interpretation (using a single 
number frequency-weighted threshold value) was intended. 
 
Figure A.2 shows the example from the KEC 5.0 report in which the conservative estimate of 
vibropiling sound (based on ‘Beneluxhaven’) at 750 m from the pile exceeds the disturbance 
threshold spectrum by a considerable margin. The measurement results for vibropiling in the 
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KASKASI II wind farm just exceed the threshold for harbour porpoises, and largely exceed 
the threshold for seals at frequencies below 1 kHz. 
 

 
Figure A.2: Decidecade spectrum for the estimated unweighted sound pressure level spectrum 
(in decidecade bands) at 750 m from the pile when using a vibro hammer with an eccentric moment of 
1920 kg m and a frequency of 23 Hz based on the scaling of monitoring data from the Rotterdam 
Beneluxhaven (Binnerts, de Jong, & Kruyen, 2018) and the KASKASI II project (Bellmann, Remmers, Brüers, 
& Poppitz, 2024). The black lines show proposed thresholds for behavioural disturbance at 45 and 60 dB 
above the VHF (harbour porpoise) and PCW (seal) audiograms respectively from (Southall, et al., 2019). 

Table A.2 shows the unweighted and hearing-weighted broadband SPL values for these 
spectra. The unweighted broadband SEL is nearly equal for both sites, but the frequency 
content is different, resulting in much lower frequency-weighted SPL values at the KASKASI 
II piling than in the Beneluxhaven. 

Table A.2: Broadband SPL metrics, unweighted and weighted for porpoise (VHF) and seal (PCW) hearing, 
corresponding with the vibropiling sound spectra shown in Figure A.2. 

 Beneluxhaven KASKASI II 

Unweighted broadband SPL 163 dB 162 dB 

Weighted SPL, using Southall et al., 2019 VHF-weighting function 145 dB 108 dB 

Weighted SPL, using Southall et al., 2019 inverse normalised VHF-audiogram  136 dB 100 dB 

Weighted SPL, using Southall et al., 2019 PCW-weighting function 156 dB 141 dB 

Weighted SPL, using Southall et al., 2019 inverse normalised VHF-audiogram  155 dB 133 dB 

 
Tougaard et al. (Tougaard, Wright, & Madsen, 2015) suggest comparing these against a 
threshold at 40-50 dB (for porpoises) above the hearing threshold. What value to pick for 
‘the hearing threshold’ remains unclear. The hearing threshold at the frequency of best 
hearing according to the generalised audiogram, is 48 dB (at 108 kHz) for porpoises and 
53 dB (at 9 kHz) for seals. Based on this, the broadband auditory weighted SPL disturbance 
threshold would be estimated at 93 dB for porpoises (at 45 dB above hearing threshold) and 
at 113 dB for seals (at 60 dB above hearing threshold). This leads to roughly similar results 
as the KEC 5.0 comparison with the spectral threshold, see Table A.3. The differences 
depend on the spectral shape. For the vibropiling sound at KASKASI II, the broadband 
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threshold leads to 4 dB more exceedance than the spectral threshold, for the sound in the 
Beneluxhaven the difference is +2 dB for porpoises and -7 dB for seals. These differences 
are likely of the same order of magnitude as uncertainties in the prediction of the audiogram-
weighted SPL. That means that we cannot judge which approach is best. Both seem to work 
for a first estimation of impact. 

Table A.3: Exceedance (in dB) above the SPL spectral threshold (maximum exceedance in decidecade band) 
and of the broadband generalized audiogram-weighted SPL above the threshold value.  

 Beneluxhaven KASKASI II 

Maximum exceedance in decidecade band - VHF 41 dB 3 dB 

Maximum exceedance in decidecade band - PCW 49 dB 16 dB 

Maximum exceedance broadband audiogram-weighted SPL - VHF 43 dB 7 dB 

Maximum exceedance broadband audiogram-weighted SPL - PCW 42 dB 20 dB 

A.6 Metrics for predicting hearing effects 
The cumulative sound exposure level threshold values for hearing effects (TTS and PTS) in 
marine mammals proposed by (Southall, et al., 2019) are different for exposure to ‘impulsive’ 
than to ‘non-impulsive’ sound. Because the distinction between impulsive and non-impulsive 
is not always clear, Lucke et al. (Lucke, et al., 2024) propose using a single kurtosis-
corrected sound exposure level as a metric for predicting onset of hearing threshold shifts, 
based on, among others, (Martin, Lucke, & Barclay, 2020), (van Benda-Beckmann, et al., 
2022) and (Zeddies, Denes, Lucke, Martin, & Ainslie, 2024).  

A.6.1 Kurtosis-correction 
Kurtosis is a statistical metric describing the probability distribution of the sampled sound 
pressure values over a specified time window (Müller, von Benda-Beckmann, Halvorsen, & 
Ainslie, 2020). Lucke et al. (Lucke, et al., 2024) propose classifying a sound signal that has a 
kurtosis of ≤ 3 as non-impulsive, and a sound signal with a kurtosis >40 as impulsive. They 
propose applying a kurtosis-correction by adding 16 log10(𝛽𝛽/3) dB to the auditory weighted 
broadband SEL for kurtosis (𝛽𝛽) values between 3 and 40, and 18 dB for 𝛽𝛽 > 40. The resulting 
kurtosis-corrected SEL can then be compared with a single PTS threshold value for all 
sounds, whether ‘impulsive’ or ‘non-impulsive’, the numerical value of which corresponds 
with the PTS threshold SEL-value for non-impulsive sound from (Southall, et al., 2019). 
The validity of the assumed interpolated threshold for PTS in marine mammals for exposure 
to signals with a kurtosis between 3 and 40 has not yet been validated. 

A.6.2 Effective quiet 
It is plausible that there is a threshold sound exposure level below which sound exposure 
does not lead to PTS even when cumulated over very long durations. However, quantification 
of this “effective quiet” (Ward, Cushing, & Burns, 1976) threshold is still problematic for most 
species, including humans. Martin et al. (Martin, Lucke, & Barclay, 2020) suggest estimating 
an upper threshold for effective quiet from the daily TTS-threshold for non-impulsive sound 
from (Southall, et al., 2019): 
 Porpoises: TTS onset at 24h SELVHF=153 dB, i.e. at SPLVHF=104 dB, or SELssVHF=104 dB 

for a piling rate of about 1 strike per second. 
 Seals: TTS onset at 24h SELPCW-181 dB, i.e. at SPLPCW=132 dB, or SELssPCW=132 dB for 

a piling rate of about 1 strike per second. 
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It makes sense to limit the calculation of cumulative SEL for assessing the risk of PTS to 
sound exposure above this effective quiet threshold. However, this will not affect the 
conclusion drawn in KEC 5.0 that there is a negligible probability of harbour porpoises or 
seals suffering a permanent increase in the hearing threshold (PTS) as a result of the 
underwater sound from piling for the construction of offshore wind farms if the underwater 
sound is limited to SELSS(750m) = 168 dB re 1 µPa2s or lower. 

A.7 Discussion and conclusion 
 Time- and frequency-weighted SPL seems an appropriate candidate for a single metric for 

quantifying sound exposure in relation to animal behavioural response for all sounds, 
whether ‘impulsive’ or ‘non-impulsive’.  

 Time- and frequency-weighted SPL can be racked through periods with varying human 
activities, enabling a quantitative comparison of the sound exposure from different 
sources. 

 Disadvantage is that prediction of the time- and frequency-weighted SPL of all sounds 
requires more information and source and propagation models than generally available for 
impact assessment. 

 For behavioural response assessment, the choices for the temporal observation window 
and for the statistic of the time- and frequency-weighted sound signal over this window 
need further discussion. For comparison with porpoise click detections, which are often 
quantified in terms of porpoise positive minutes, or number of porpoise positive minutes 
per hour, a minute or an hours seem appropriate window durations. It is not clear if the 
maximum SPL over such a window is the most appropriate metric to explain the 
behavioural response, or if it is better to use an arithmetic average or a specific temporal 
percentile. 

 The time weighting applied for time- and frequency-weighted SPL is also important for the 
connection between this metric and the cumulative frequency-weighted SEL that predicts 
the risk of PTS. The temporal integration for calculating SELcum must be matched with 
the time-weighting applied for the SPL. 

 
We conclude that the proposed metrics are interesting and deserve further investigation. 
However, as long as there is no consensus on the appropriate metric and no clear evidence 
that these provide a better prediction of porpoise disturbance than the currently used 
unweighted levels, we see no benefit in introducing a new metric for impact piling sound in 
the KEC approach. 
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Appendix B 

Recent work in UK 

B.1 PrePARED 
Predators and Prey Around Renewable Energy Developments (PrePARED)13 is a 
collaborative research project, funded by the Offshore Wind Evidence & Change programme 
and Crown Estate Scotland in the UK. It studies predator (seabird and marine mammal) and 
prey (fish) distribution and behaviour in and around offshore wind farms, providing critical 
insight into cumulative effects from large scale development for key species. 
 
In the UK, each individual offshore wind project has to perform an environmental impact 
assessment (EIA), including a cumulative effects assessment (CEA). However, due to a lack 
of standardisation or guidance this process varies considerably between assessments. This 
raises the question of the utility and efficiency of the current CEA process. The PrePARED 
project (Sinclair, 2025) recommends that a UK wide guidance is to be developed so that 
CEAs can be standardised, leading to enhanced realism, representative and comparable 
CEAs – therefore streamlining a key element of the consenting process.  
 
In the Netherlands, the national cumulative impact assessment framework (KEC) provides 
such guidance. The PrePARED project does not provide guidance, but it provides input for 
developing such guidance from literature reviews and recent studies. Some relevant results 
are summarized here. 
 
PrePARED report Nr. 4 (Benhemma-Le Gall, et al., 2024): 
 “Data on harbour porpoise detections were collected from a broad-scale array of 60 

echolocation detectors (CPODs) moored up to 33.4 km from the pile-driving vessel. 
Analyses focussed on the installation of seven XXL (9.5 m and 10.0 m diameter) 
monopiles where responses in the 24 h after piling could be compared with a matched 
period three days before piling started.” 

 “We used the approach previously used to characterise porpoise responses to piling at 
the Beatrice Offshore Wind Farm, which informed the EDR used in the SNS SAC for pin 
pile installation. Despite noise levels for the installation of XXL monopiles being much 
higher, the response of porpoises to monopile installation at Moray West was similar to 
that observed in studies of pin-piling at Beatrice. The resulting proxy deterrence function 
indicates that an EDR based on these new data for monopiles would be 9.4 km.” Here 
‘EDR’ refers to ‘effective deterrence range’, see Appendix B.3. 

 
PrePARED report Nr. 8 (Thompson, et al., 2025):  
 “Using recommended dose-response curves from Graham et al. (2017), modelled 

predictions of porpoise responses within the areas covered by our PAM array suggested 
that there would be a > 75% chance of disturbance throughout its 35 km range. In 
contrast, observed changes in echolocation detections indicated that the probability of 
disturbance was < 50% at distances beyond 5 km from piling. Monitoring data indicated 

_______ 
13 https://owecprepared.org/ 

https://owecprepared.org/
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that <100 porpoises would be disturbed by each piling event, compared to worst-case 
predictions of > 4,500 in regulatory assessments.” 

 “These results provide confidence in current approaches to acoustic modelling but 
suggest that existing approaches to estimating disturbance to harbour porpoise from 
impact piling in UK waters are likely to be unrealistically conservative. This could constrain 
efforts both to assess impacts on protected populations and to identify mitigation 
measures that are proportionate to realistic levels of risk.” 

B.2 JNCC guidance and studies  
The UK Joint Nature Conservation Committee (JNCC), Natural England and the Department 
of Agriculture, Environment and Rural Affairs published guidance on the management of 
impulsive noise within harbour porpoise Special Areas of Conservation (SACs) (JNCC, 2020). 
This guidance recommends default effective deterrence ranges (EDRs, see Appendix B.3) for 
specific categories of impulsive noise-generating activities, to assess the spatio-temporal 
extent of disturbance within SACs in English, Northern Irish and Welsh offshore waters. 
EDRs provide a radius around activities within which it is assumed that animals are disturbed. 
The default EDRs were recently updated (JNCC, 2025), see Table B.1. The values are based 
on evidence reviews (Brown, et al., 2025) and (Majewska, Brown, Charish, Quinn, & Matei, 
2025). 

Table B.1: Updated Effective Deterrent Ranges (EDRs) to be used in assessing significant disturbance in UK 
Special Areas of Conservation (SACs) for harbour porpoise within English, Welsh and Northern Irish waters, 
from (JNCC, 2025). 

Activity EDR / 
km 

Monopiles and pin piles without noise abatement 20 

Monopile and pin piles with noise abatement (≥ 10 dB noise reduction) 11 

Sheet piling and conductor piling 5 

High-order UXO clearance without bubble curtain (≤ 263 kg) 20 

High-order UXO clearance with bubble curtain (≤ 525 kg) 10 

Low-order UXO clearance 5 

Explosives use in decommissioning - open water and within < 10 m below the mudline 15 

Explosives use in decommissioning – within 10 to 100 m of the mudline 5 

Seismic surveys of airgun arrays of sizes > 12 and < 3,570 in3 10 

Mini-airguns of ≤ 12 in3 5 

Sub Bottom Profilers (all types) 3 

Ultrasonic Baseline USBL 3 

Lofitech seal scarer ADD (< 15 min) 8 

Lofitech seal scarer ADD (> 15 min) 11 

FaunaGuard ADD (any duration) 2.5 

Multiple-transducer single or multibeam echo sounder (SBES or MBES) with an operating 
frequency of ≤ 12kHz operating in waters > 200 m depth 

5 

Multiple-transducer single or multibeam echo sounder (SBES or MBES) with an operating 
frequency of ≤ 12 kHz operating in waters ≤ 200 m depth 

3 

Military Sonar 20 
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B.3 Effective deterrence radius 
The “Effective Deterrence Radius” (EDR) is defined (as “effective deterrence distance”) by 
(Tougaard, Buckland, Robinson, & Southall, 2015): 
 Effective Deterrence Radius (abbreviation EDR, symbol 𝑟𝑟ED) is the solution to the 

equation 2𝜋𝜋 ∫ 𝑟𝑟d𝑟𝑟𝑟𝑟ED
0 = 2𝜋𝜋 ∫ 𝑃𝑃(𝑟𝑟)r𝑑𝑑𝑑𝑑∞

0 , where 𝑃𝑃(𝑟𝑟) is the deterrence function (probability 
of deterrence).  

 
Hence, the number of animals (responding or not) within the EDR is exactly equal to the total 
number of animals responding. Or, in other words, as many animals respond beyond the 
EDR as fail to respond within it. This definition overlaps with the definition of ‘effective 
response range’ in (Tyack & Thomas, 2019) and with the definition of ‘effective disturbance 
distance’ in the KEC 4.0 and 5.0 reports. 
 
The following figures from (Tougaard, Buckland, Robinson, & Southall, 2015) illustrate how 
the deterrence function is derived, based on data from (Dähne, et al., 2013). The proportion 
of porpoises that are displaced by the pile driving is used as a proxy for the probability of 
deterrence. 
 

 

 
 
 For deterrence function 𝑃𝑃(𝑟𝑟) = 1 − 𝑟𝑟

45
 as illustrated above, the EDR is found14 to be 26 

km. The 50% probability of disturbance is estimated to occur at 22.5 km. 
_______ 
14  Linear distance-response curve:  𝑃𝑃(𝑟𝑟) = 1 − 𝑟𝑟/𝑟𝑟0 for 0 ≤ 𝑟𝑟 ≤ 𝑟𝑟0 and 𝑃𝑃(𝑟𝑟) = 0  for 𝑟𝑟 > 𝑟𝑟0. Then 2𝜋𝜋 ∫ 𝑟𝑟d𝑟𝑟𝑟𝑟ED

0 =

𝜋𝜋𝑟𝑟ED2 = 2𝜋𝜋 ∫ (1− 𝑟𝑟/𝑟𝑟0)r𝑑𝑑𝑑𝑑∞
0 = 2𝜋𝜋 �1

2
𝑟𝑟2 − 1

3
𝑟𝑟3

𝑟𝑟0
�
0

𝑟𝑟0
= 1

3
𝜋𝜋𝑟𝑟02, so that 𝑟𝑟ED = 1

√3
𝑟𝑟0. For 𝑟𝑟0 = 45 km, this results in 𝑟𝑟ED =

26 km 
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 The KEC calculations use a dose-response relationship 𝑃𝑃(𝐿𝐿𝐸𝐸) in combination with a 
calculated 𝐿𝐿𝐸𝐸(𝑟𝑟, 𝜃𝜃). The following figure, from (Heinis, de Jong, & von Benda-Beckmann, 
Framework for Assessing Ecological and Cumulative Effects 2021 (KEC 4.0) – marine 
mammals, 2022) shows that the calculated decay in combination with the KEC 4.0/5.0 
dose-response function for porpoise disturbance by impact piling sound does not 
correspond with a linear decay of the deterrence function with distance. In this analysis, 
the calculated effective deterrence distance is 48 km. The 50% probability of disturbance 
is estimated to occur at 40.3 km. Hence, using a dose-response relationship is more 
conservative than using a threshold value at 50% probability of disturbance (Tyack & 
Thomas, 2019). 

 

 
Figure B.1: Probability of disturbance of harbour porpoises by piling sound as a function of distance from the 
pile derived from the dose-response relationship and measured unweighted broadband SELSS at different 
distances from the piling of three piles for the construction of the Gemini wind farm. The grey trend line has 
been fitted to the measurement points shown as ‘o’. 
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Appendix C 

Dose-response relationship 

Figure C.1, copied from (Heinis, de Jong, & von Benda-Beckmann, 2025) §4.3.1, shows a 
variety of dose-response curves for the disturbance of porpoises by impact piling sound. 
The review of the derivation of these curves discussed below reveals that the curves are not 
compatible. The sound exposure dose is quantified somewhat differently, and the behavioural 
response metrics are different. Consequently, although the choice for the ‘Graham 1st pile’ 
curve is mainly driven by conservatism, there are no convincing arguments for selecting 
another curve. 
 

 
Figure C.1: Dose-response relationships for the disturbance of harbour porpoises by piling sound: probability 
of disturbance Pdist as a function of the unweighted broadband SELss. The red lines are the dose-response 
relationships from (Graham, et al., 2019). The KEC 4.0 uses the dose-response relationship for harbour 
porpoise disturbance by the piling sound for the first pile in the area. The relationships from (Graham, et al., 
2019) show that the probability of disturbance decreases as work progresses in the same area. The markers 
(o) have been estimated on the basis of Figure 4 from (Brandt, et al., 2018). The solid lines follow from the 
statistical analysis of measured data during the construction of the Gemini (without noise standard) and 
Borssele (with noise standard) wind farms in (de Jong, et al., 2023). The grey areas show the 95% confidence 
intervals for these models. Note that the curves for exposure levels (SELss) below 130 dB are based on very 
little monitoring data and so they are very uncertain. 

Graham et al. (Graham, et al., 2019)  
 define response as a proportional decrease greater than 0.5 in the harbour porpoise click 

detections (detection positive hours; DPH) in the 24 h after cessation of piling, relative to 
a baseline period of 24 h chosen to commence 48 h before the start of piling to avoid 
overlap of the baseline period with pre-piling activities such as anchoring and placement 
of the piles into the installation frame. The analysis was focussed on 17 turbine locations 
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where the pile driving at started more than 96 hours after the completion of the previous 
installation. The jacket foundation for each turbine was anchored by a set of four 2.2 m 
diameter piles, with an average piling duration of 5.0 h per set of four piles.  

 Sound exposure level distributions were modelled, using the source level spectrum 
reported in (Ainslie, de Jong, Robinson, & Lepper, 2012) and scaled with 10 times the 
logarithm of the hammer energy, and compared to measurements at three piling sites. 
Modelled and measured unweighted broadband SELss values were on average within 
2 dB for measurements at 8 and 10 km from the piles, but deviated 6.6 dB at 2 km.  

 The probability of disturbance to the first piling was found to be 50% at SELss = 144 dB, 
and at a distance from the pile of 7.4 km. For later pilings the 50% probability of 
disturbance shifted to 150 dB / 4.0 km for the 47th pile and 160 dB / 1.3 km for the final 
(86th) pile.  

 
Brandt et al. (Brandt, et al., 2018) 
 The Brandt et al. dose-response curve is fitted against datapoints read from a two-

dimensional graph (shown in Figure C.2) showing the relative reduction of porpoise click 
detections (detection positive hours) against SEL and time. The data points are picked on 
contours of the relative deviation at the time of piling (0 hour relative to piling).  

 The sound exposure level distribution was calculated using a frequency-independent trans 
mission loss function adapted to pile-driving noise and the value of the measured SELss 
at 750 m from the pile that was exceeded during 5% of the piling time (SEL05). 

 Declines were found at SEL05 exceeding 143 dB re 1 μPa2s, corresponding to distances 
up to 17 km from unmitigated piling events and 14 km from piling with noise mitigation 
systems such as bubble curtains. Within the vicinity (up to about 2 km) of the construction 
site, porpoise detections declined several hours before the start of piling and were 
reduced for about 1−2 d after piling.  

 

 
Figure C.2: Figure 4 from (Brandt, et al., 2018), showing the relative deviation from the overall mean of 
porpoise detection positive hours (DPH) versus the sound exposure level (SEL) exceeded during 5% of the 
piling time and time. Confidence intervals are depicted as blue and red dotted lines. The histograms along 
the axes show the data availability in SEL bins of 10 dB and in time bins of 10 h. 
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Borssele & Gemini (de Jong, et al., 2023) 
 The number of porpoise positive minutes (PPM) per hour was calculated from recordings 

with CPODs.  
 Sound exposure was modelled for all piling strikes and then quantified in terms of the 

hourly average of the calculated broadband SELss for the hours in which piling took place. 
The SELss was calculated by TNO using the Aquarius 4 model for the reported hammer 
strike energy per pile, and calibrated for the effect of the noise mitigation systems applied 
for the Borssele piling, using field recordings of the underwater sound.  

 Wageningen Marine Research performed the statistical analysis of data, modelling the 
relation between the presence of porpoise positive minutes per hour (number of PPM > 0), 
and the hourly average SELss during the piling hours. The probability of disturbance 
was calculated based on the relative difference between the modelled hourly probability 
of presence of porpoise positive minutes in a baseline situation (without piling) and in 
a situation with piling sound, for mean values of model covariates such as month of 
the year, hour of the day, sensor location, water temperature, tidal flow magnitude and 
wind speed. 

 
UK effects assessment review (BEIS, 2020): 
 This is a Habitats Regulations Assessment (HRA), undertaken by the Secretary of State 

for the Department for Business Energy and Industrial Strategy (BEIS) alongside the 
Marine Management Organisation (MMO) to determine whether consented offshore wind 
farm developments will adversely affect the integrity of the Southern North Sea Special 
Area of Conservation (SAC). Eleven offshore wind farms were identified for a review of 
their consents.  

 The study covers a wide range of potential impacts from offshore wind farms on marine 
life, relevant for KEC. 

 For the potential impacts from impact piling sound on porpoises it is concluded in this 
review that “Currently, there is no guidance as to which dose response curves are 
considered most appropriate for use when undertaking an assessment”. Potential 
impacts from impact piling sound on harbour porpoise have been assessed using 
un-weighted peak SPL of 202 dB re 1 µPa and weighted SEL of 155 dB re 1 μPa2s for 
injury and unweighted SEL of 145 dB re 1μPa2s for potential displacement; these are 
based on published studies (Lucke et al. 2009, NMFS 2018, Southall et al. 2019).  
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