
The potential ecological effects 
of underwater noise posed by 
offshore wind farms 

 

 
 
Underwater noise is generated during the survey, construction, 
operation and decommissioning phase of offshore wind turbines. All 
these activities produce underwater sounds of varying intensity and 
duration. A concerted effort has been made by the Dutch government 
and industry to minimise undesirable effects of underwater noise 
relating to offshore wind farm development within the construction 
phase during pile-driving. Since impacts of underwater noise differ 
depending on the stage of the offshore wind farm, this appendix has 
been split into an analysis of effects during the construction and 
operational  phase. 

 
Construction/impulse noise 
Noise generated during construction is a high priority concern. Pile-
driving activity is increasing in the North Sea. This trend will continue over 
at least the next 30 years as offshore wind energy expands (Merchant & 
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Robinson, 2019). Effects of construction noise from pile driving have been 
relatively well explored, resulting in thresholds and mitigation 
measures set for offshore wind farms in the Netherlands.  
 
Impact pile driving produces intense, broadband impulsive sounds that 
can propagate many kilometres from the impact location. .. . .         At short 
distances (e.g., within tens of meters of the impact site), unmitigated 
sound pressure levels (SPLs)  vary up to 220 dB peak re 1 uPa, but the exact 
value may vary significantly depending on the size and power of the 
hammer, the pile material and diameter and properties of the seabed  
(Ainslie et al., 2012, Nedwell et al., 2004). Alternative techniques and sound 
mitigation technology have been developed to avoid or lower pile-
driving sound and to remain under the legal thresholds. 
 
Marine mammals 
There is a substantial amount of research which suggests that 
construction noise creates behavioural responses in marine mammals 
(in terms of avoidance reactions, such as change in abundance, 
distribution, (group) movement patterns, dive profiles, vocalizations, 
respiration rates and ‘masking’ of natural sounds (Brandt et al., 2018; 
Carstensen et al., 2006; Haelters et al., 2015; Kastelein et al., 2018; Russell et 
al., 2016; Scheidat et al., 2011; Teilmann et al., 2012;   Tougaard et al., 2009). 
 
Harbour porpoises are considered the most sound sensitive species1 in the 
Dutch North Sea due to the probability of their population being 
impacted by the cumulative effects of impulsive sound and since they 
also fall under a legally protected status (article 6 and   12 of the habitats 
directive). At the locations where wind farms are planned, the relative  
population density of harbour porpoises is much higher than in the case 
of seal species, which are primarily found in coastal waters. However, 
seals have been found to still be vulnerable to hearing damage from 
pile-driving (Aarts et al., 2018). Grey seals are abundant, highly mobile 
predators in the North Sea. They are potentially capable of detecting 
pile-driving activity at distances beyond 100 km, but their responses to 
anthropogenic sounds are still largely unknown and variable (Aarts et 
al., 2018). 
 
Pile-driving has shown displacement in populations of harbour 
porpoises beyond 20 km from the (unmitigated) pile driving site 
(Tougaard et al., 2009). Harbour porpoises have high energetic needs 
and must feed daily, therefore changes in prey species distribution 
could exacerbate       impacts on populations. There are concerns that 
avoidance responses to pile driving may cause displacement from key 



habitats, foraging and reproductive activities which in turn affects the 
overall fitness and therefore population size.  
 
These observations have led to research by KEC1 (Framework for 
Assessing Ecological and Cumulative Effects) and a threshold for pile-
driving was calculated of SELss (750 m) = 168dBre 1 µPa2s (Heinis et al., 
2019). It is important to note that this model takes into account North 
Sea broad cumulative pile-driving for wind parks planned up until 2030.  
In the Netherlands, pile-driving noise thresholds are set based on the 
aim that pile-driving does not reduce the harbor porpoise population 
by more than 5% with 95% certainty. An updated study for KEC 4.0 
(Heinis et al. 2022) sets the same ecological standard for harbor seals 
and gray seals. The results of the calculations show that the 
accelerated construction of offshore wind energy in the period 2016-
2030 is only possible if the noise standard of SELss1 (750 m) = 168 dB re 1 
Pa2s proposed in KEC 3.0 is made more stringent. The results of the 
calculations also show that no cumulative effects on seals are to be 
expected. 
 
While there has been comparatively a lot of research conducted to 
mitigate effects of noise        on harbour porpoises, it is important to note 
that models produced by KEC are conservative but have not yet been 
fully validated and are still lacking data. Studies are planned to fill this  
knowledge gap and ascertain that mitigation is enough to protect 
populations. 
 
Fish 
The impacts of intense sound sources like pile driving can have effects 
on fish ranging from disruption of communication abilities and 
detection of the acoustic surroundings (Popper & Hastings, 2009, Popper 
& Hawkins, 2019; Slabbekoorn et al., 2010) to behavioural changes 
including displacement from foraging or reproductive areas and 
physiological effects such as stress responses, temporary hearing loss 
(resulting from TTS2 ), tissue damage and imminent death  (Debusschere 
et al., 2016). While hearing and the processing of sound may differ widely 
between different species (Kastelein et al., 2017; Williams et al., 2015), 
species differences in the detection and disturbance effect of offshore 
wind farm construction noise and other sources are still largely 

 
1https://www.noordzeeloket.nl/functies-gebruik/windenergie-zee/ecologie/cumulatie/kader-
ecologie/ 
2 A temporary threshold shift (TTS) is a temporary shift in the auditory threshold. A temporary 

threshold shift results in temporary hearing loss. 
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unexplored. However, all fish have the capability to hear low-frequency 
sounds (<500 Hz) and, consequently, can be disturbed by noisy human 
activities    (Popper et al., 2003, 2014). 
 
Many factors have been found to influence how noise affects fish. There is 
especially high variability within and between species and life cycle stage 
(Kastelein et al., 2017; Mueller- Blenke et al., 2010). Because fish larvae 
largely depend on the current to move, they cannot flee from sound 
sources. There is a myriad of conflicting results due to the high variability 
in species and experimental settings. A study by Mueller-Blenkle et al., 
(2010) played back pile-driving noise to cod and sole held in large net 
pens. There was less aggregation and more movement during noise in 
both species at relatively low received sound pressure levels. Sole swam 
significantly faster in the presence of pile-driving noise. Cod “froze” at the 
beginning and end of playbacks. Both species appeared to move away 
from the sound source. There was much individual variability in 
behavioural reactions, and there were signs    of habituation, where 
responses waned after multiple exposures.  
 

Figure 1: (Fehlmann, 2016) 
 
Another study used wild, free-swimming schools of sprat and mackerel 
that were exposed to sound simulating a pile driver, at different sound 
levels (Hawkins & Popper, 2017). The incidence of behavioural responses 
increased with increasing sound level. Sprat schools were more likely to 
disperse  and mackerel schools, to change depth. Sprat schools 
dispersing due to noise would have a metabolic cost and potentially 
cause stress and reduced foraging efficiency, which could affect 
reproductive success. It could also expose fish to higher levels of 
predation (Hawkins &    Popper, 2017). 
 



Sound waves in water have both a hydrostatic pressure and a particle-
motion component (figure 1),   yet few studies of underwater acoustic 
ecology have measured the particle-motion component of sound. 
While mammal hearing is based on detection of sound pressure, fish 
and invertebrates (i.e. most aquatic animals) are able to detect 
particle motion and vibration which could result in further implications 
of underwater noise on populations and  ecosystems (Popper & 
Hawkins, 2018). 
 
Invertebrates 
There is an overall lack of understanding of the effects of noise on 
invertebrates (Slabbekoorn et al., 2018). Marine invertebrates constitute 
an important part of ecosystems   and habitats. They are a highly 
diversified group of organisms which makes broad conclusions of 
potential impacts unlikely (Wilhelmsson et al., 2010). However, 
invertebrates use noise in many important life functions and have been 
proven to be affected by anthropogenic noise (Weilgart, 2018). 
 
Stress responses to pile-driving have been measured in mussels, lobster, 
crabs and other  bivalves (Solan et al., 2016, Spiga et al., 2016). Hermit 
crabs have been found to have a harder time finding a new shell when 
exposed to noise akin to pile-driving, making them more vulnerable to 
predation (Roberts & Laidre, 2019). Bivalves have been found to shut 
their shells as a stress response to reduce noise (Charifi et al., 2017) which 
changes   nutrient cycling on the seabed provided by invertebrates. 
Therefore it is possible that exposing environments to anthropogenic 
underwater noise could have wide ecosystem consequences (Kunc et 
al., 2016; Solan et al., 2016).  
 

The North Sea Foundation recommends the following, 
specifically on construction/impulse noise: 
• Conduct more studies to determine how impacts will occur in the 

wild and what direct  effects this will have on ecosystems. 
• Conduct studies on temporary threshold shifts (TTS), masking 

effects, particle motion and  sound propagation through substrate. 
• Research effects and develop mitigation strategies  for pile-driving 

on a broader scope of species other than harbour porpoises such as 
seals,   fish and invertebrates and the integration of international 
results. 

• Invest in more knowledge into fundamental research of sound for 
species to identify true peak hold levels instead of developing 



models based on expert elicitation in the KEC. Validate the current 
models (within KEC) using further tagging data for marine  mammals. 

• Continue to fill knowledge gaps by conducting studies on 
temporary threshold shifts,   masking effects, particle motion and 
sound propagation through substrate to identify  risks for fish and 
invertebrates. 

• Investigate low noise (pile-driving) techniques and explore lower 
thresholds such as those  in Germany and now proposed within the KEC 
4.0. 

• Review the effectiveness of pingers and ADDs at multiple species 
levels (including seals and fish) and the effects of disturbance. 

• Develop long-term research projects to allow for more room in 
advancement of underwater noise research. Projects within WOZEP 
are assignment based and can leave  little space for novelty and new 
insights. 

 
Operational/continuous noise 
During the operational phase of an offshore wind farm, low-frequency 
noise is produced when the blades rotate (Madsen et al., 2006, Tougaard 
et al., 2020). The noise is mainly below 1 kHz (generally below 700 Hz), with a 
source level of 80-150 dBre 1 µPa @ 1 m. There are several variables that 
affect the spread of underwater noise, such as the wind turbine 
foundation and wind strength. In the operational phase, the acoustic 
power radiated by each wind turbine is much  smaller than pile-driving 
but of much longer duration (30-40 years) and many wind turbines 
spin simultaneously. Studies on the effects of continuous noise are less 
common than studies on impulse noise and many knowledge gaps 
remain. Hearing thresholds for harbour porpoises are mostly outside the 
operational noise range and therefore effects are thought to be low to 
negligible (Tougaard et al., 2009). However, for species with lower 
frequency hearing such as fish and seals, operational wind turbines 
could be a source of disturbance, especially due to the planned 
upscaling and multiplication of offshore wind farms close together 
which could have cumulative impacts. 
 
Furthermore, as our oceans and seas become busier, they also 
become louder. With the North Sea containing one of the busiest 
shipping lanes in the world, effects of continuous noise could 
accumulate across sectors (including increased shipping in offshore 
wind farms  and operational wind turbine noise) while research and 
monitoring are currently lacking. Shipping noise has now been shown 



to be the largest contributor of underwater noise in the North Sea3 and 
increased vessel traffic to an offshore wind farm area may lead to 
increased  local noise pollution. 
 

The North Sea Foundation recommends the following 
on operational noise: 
• Invest in standardised baseline monitoring of offshore wind farms, 

before, during and after  construction, and include baseline 
background noise measurements of continuous noise. 

• Research effects of (cumulative) operational noise including wind 
turbine rotation, increased vessel traffic in offshore wind farms and 
potential effects of particle motion on  fish and invertebrates. 

• Explore possible mitigation strategies to reduce continuous 
underwater noise caused by  different activities, for example quieter 
ship technology 

 

Conclusion 
Policy makers and researchers have so far mainly focused on marine 
mammals, particularly harbour porpoises in the southern North Sea. 
However, it has become clear in recent research that invertebrates and 
fish are also sensitive to noise and/or vibrations (including particle 
motion) and respond to acoustic signals (Hawkins & Popper, 2017). Noise  
can influence the behaviour, physiology, anatomy and development of 
these animals (Slabbekoorn et al., 2018). 
 
Effects of underwater noise depend on a multitude of variables, both 
abiotic (location, water depth, bottom-type, characteristics of the 
sound produced, offshore wind farm design) and biotic (species 
specific). Overall, it is important to emphasize that effects of noise are 
species  specific, meaning that conclusions cannot usually be 
generalized. While it is recommended  to share and use results at a 
broad-range, including internationally, caution should be taken when 
extrapolating findings from one offshore wind farm to another. It is 
essential to take the above factors into account when identifying risks 
and effects of offshore wind farms. It is   also important to note that 
underwater noise can travel long distances and has no country 
borders, therefore impacts from international wind farms are likely to 
cause cumulative impacts. 

 
3 https://northsearegion.eu/jomopans/news/jomopans_maps/ 
 



 
What is generally needed is additional monitoring, more cooperation, 
innovation and a bridge to mitigation and policy where adaptive 
management is essential to change policies when needed. An 
underwater noise expert session4, organised   by the North Sea Foundation 
in September 2020, brought some issues of underwater noise  to light, 
which can be seen in the recommendations for the different noise types 
above. 
 
Interestingly, during the session, experts expressed their concerns for 
ecosystem level effects    and prioritized this as an important ecological 
risk. Underwater noise will play a role in a shifting ecological system. 
Direct effects of stressors are challenging to measure in the field, which 
makes overall effective monitoring throughout the lifespan of an offshore 
wind farm essential. 
 

The North Sea Foundation recommends  the following: 
• More effective collaboration between stakeholders (such as studies 

that expand the work  done by WOZEP5, research institutes, NGOs, wind 
energy industry and government bodies, including at international 
level). This needs to go hand-in-hand with the streamlining of 
information sharing and research results (including an open 
database). 

• Apply existing and future international research results for extended 
knowledge. 

• Standardise monitoring and research methods when possible to 
study the effects of underwater noise  from offshore wind farms and 
other sources (nationally and internationally). 

• Analyse potential effects on more than just harbour porpoises, 
including effects on fish  (and fisheries), other marine mammals 
such as seals and invertebrates. 

• Measure effects on eco-system level (including predator prey 
interactions, food webs, biodiversity, species distribution changes 
etc.). 

• To measure the effects of noise during upscaling, monitoring and 
research will need to be  a priority in the coming 30 years since there 
will likely be a whole new succession in the   North Sea eco-system. 

• Mitigate noise at source level. Underwater noise has the benefit of 

 
4 https://www.noordzee.nl/weten-we-genoeg-over-onderwatergeluid-in-de-noordzee/ 
5 Dutch Governmental Offshore Wind Ecological Programme 
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If you would like to know more about the other potential 
ecological risks discussed in our report, please click here. 

immediate reduction  when addressed and does not linger in the 
environment, therefore effective mitigation    is likely to have a direct 
results. Hence, using the quietest techniques available can be a 
precautionary step to reduce impacts. Quieter technology is 
already available for pile- driving since Germany imposes stricter 
thresholds than The Netherlands. 

• Take into account effects of underwater noise when making 
decisions on site locations for  offshore wind farms, making sure to 
avoid important areas for life functions of sensitive species such as 
MPAs and consider buffer zones as a mitigation method. 

• Fine-tune marine environmental impacts assessments (EIA) using 
the most recent scientific evidence, including international research 
to better analyse potential effects  before construction and take 
relevant mitigating measures for all species. 

• Expand studies, models and mitigation (for example thresholds 
using SELcum) to incorporate cumulative impacts, including 
relationships with other noise sources at spatiotemporal levels, 
such as military explosions, shipping and seismic that are taking 
place. When porpoises swim away from pile-driving noise they do 
not necessarily move to an area where there is no noise pollution. 
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