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1.	Introduction
The harbour porpoise (Phocoena 

phocoena) is by far the most common marine 
mammal in the BPNS, after several years 
of virtual absence (Haelters et  al. 2011). 
The estimation of the harbour porpoise 
density ranges from 0.05 to 1.03 individuals 
per km², leading to an abundance of 186 to 
3697 animals (Haelters et  al. 2011). The 
animals show a distinct spatial and temporal 
distribution in Belgian waters with relatively 
high densities from January to April and lower 
numbers from May to August, plus they tend 
to stay in more northerly and offshore waters 
(Haelters et  al. 2011, 2016). In the Greater 
North Sea, the harbour porpoise is considered 
vulnerable because of high bycatch levels 
(Kaschner 2003) and its exposure to 
increasing levels of noise pollution ranging 
from continuous shipping noise (Wisniewska 
et  al. 2018) to impulsive noise from, e.g., 
pile driving (Brandt et al. 2018), and seismic 
surveys (Van Beest et al. 2018). Nonetheless, 
the species is protected by both national 
(Belgian Government 2001) and EU law (EU 
1992), and consequently deliberate actions 
of killing, disturbing, injuring, and habitat 
deterioration are prohibited throughout its 
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In recent years, noise-mitigation 
technology became more efficient and 
noise levels during pile driving were 
reduced significantly. Using passive 
acoustic monitoring (PAM) datasets from 
2016 (Nobelwind construction – no noise 
mitigation) and 2019 (Northwester 2 and 
SeaMade construction – Double Big Bubble 
Curtain) we analyse whether noise mitigation 
measures applied during the construction 
of offshore wind farms influenced the 
likelihood of detecting harbour porpoise 
(Phocoena phocoena) during pile driving in 
the Belgian part of the North Sea (BPNS). 
Exploratory analyses indicate reductions to 
the spatial and temporal extent of avoidance 
of the construction area by porpoise when 
noise mitigation is applied. Without noise 
mitigation, mean detection rates of porpoises 
reduced up to 15-20 km from the pile driving 
location. With noise mitigation however, 
mean detection rates of porpoises reduced to 
a lesser extent and this reduction mainly took 
place at 0-10 km from the pile driving.
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range. In the absence of mitigating measures, 
the high levels of impulsive underwater sound 
generated during pile driving can potentially 
kill, injure or disturb marine mammals 
depending on their distances from the source 
(see, e.g., Carstensen et al. 2006; Bailey et al. 
2010). Some studies have even indicated 
potential negative cumulative impacts on the 
harbour porpoise population of wind farm 
development over the next decade in the North 
Sea (de Jong et al. 2019). Concerns over the 
possible impact of high intensity impulsive 
sound generated during the construction of 
offshore wind farms on harbour porpoise have 
been a driving force in determining national 
impulsive noise regulations in North Sea 
countries with Germany, the Netherlands and 
Belgium all formulating different, but similar, 
underwater sound thresholds (see Rumes et al. 
2016 for a comparison). In Belgium, concern 

over the high levels of underwater noise being 
generated during pile driving operations for 
the building of the first offshore wind farms 
(Norro et  al. 2010, 2013) and the observed 
large-scale avoidance of the construction 
zone by porpoises (Haelters et al. 2011) led to 
the formulation of a threshold for impulsive 
underwater sound in the BNS at 185 dB 
re 1 μPa (Sound Pressure Level, zero to peak) 
at 750 m from the source (Anonymous 2012). 
Offshore wind farm developers in the BPNS 
have applied several noise mitigation systems 
with incremental progress in complying with 
this threshold (Rumes  & Degraer 2020). 
In this chapter, we aim to determine whether 
the reduced levels of impulsive underwater 
sound during construction are likely to have 
influenced the observed spatial and temporal 
extent of harbour porpoise avoidance.

Figure 1. Timing and location of pile driving events in the Belgian part of the North Sea (period 2009-
2020, data RBINS). From 2013 onwards, a seasonal pile driving ban from January 1st to April 30th was 
enforced. From 2017 onwards developers were obliged to use noise mitigation measures that limit the 
transmission of noise pollution to the marine environment.
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2.	Material and methods
2.1.	 Study area

The Southern bight of the North Sea 
includes the Belgian continental shelf or BPNS 
with a surface of approximately 3457  km². 
The BPNS only covers 0.5% of the entire 
area of the North Sea. The Belgian continental 
shelf is characterized by shallow waters with 
a maximum depth of 45 m and a complex 
system of sandbanks. In the western part of the 
BPNS, a 238 km² zone has been designated for 
renewable energy. Between 2009 and 2020, 
nine projects have constructed wind farms in 
this part of the BPNS (Fig. 1).

Over time, the terms and conditions in 
the environmental permits that were intended 
to minimize and/or mitigate the impact of 
offshore wind farm construction on marine 
mammals changed gradually as monitoring 
information became available (see Rumes & 
Degraer 2020 for an overview). Initial permit 
conditions were aimed at preventing near-field 
injury to individual animals and included the 
use of an acoustic deterrent device (ADD) as 
well as a prohibition on starting pile driving if 
a marine mammal was observed in the vicinity 
of the construction zone. Progressive insight in 
the potential population consequences of far-
field behavioural disturbance resulting from 
exposure to excessive levels of impulsive 
underwater sound led to the formulation of 
further permit conditions. These included a 
seasonal pile driving ban from January 1st to 
April 30th, a period with high local porpoise 
densities, and an obligation to use noise 
mitigation measures that limit the transmission 
of noise pollution to the marine environment.

For this study we focused on three 
wind farms: Nobelwind, Northwester 2 
and SeaMade. At Nobelwind, pile driving 
without the use of noise mitigation measures 
took place in 2016. Both Northwester 2 and 
SeaMade used a similar noise mitigation 
set up in 2019, namely a double big bubble 
curtain (DBBC) albeit with differing levels 
of success. A DBBC consists of two rings 
of perforated pipes positioned on the sea 

floor around the foundation to be piled. 
Compressors located on the construction 
vessel or on a separate platform feed air 
into the pipes. The air passes into the water 
column by regularly arranged holes. Freely 
rising bubbles form a large curtain around 
the entire structure, even during running 
tides, thus shielding the environment from 
the noise source (Koschinski  & Lüdemann 
2013). Northwester 2 was the only project to 
successfully use noise mitigation measures 
that limit the transmission of noise pollution 
to the marine environment to the extent that 
the in-situ measured sound level (SPLz-p) 
remained below the national threshold (Norro 
2020). 

Nobelwind NV obtained an 
environmental permit on 7 October 2015 to 
build and operate its offshore wind farm. The 
windfarm was built at a distance of 47 km 
from the coastline at the Lodewijk bank. The 
total capacity of this wind farm of 165 MW is 
provided by 50 turbines, each with a capacity 
of 3.3 MW. Pile driving for the Nobelwind 
wind farm comprised 51 piling events (50 
turbines and one offshore high voltage 
station) from May 16th up to September 22nd 
2016. Pile diameter ranged from 4.5 to 6.8 m, 
penetration depth lay between 29 to 39 m and 
total piling time varied between 1 h 27 min 
and 4 h 31 min. All piles were installed using 
an S-1400 Hydraulic Hammer (maximum 
energy per pile 1254 ± 114 kJ). The contractor 
was legally obliged to turn on an acoustic 
deterrent device one hour before the start of 
piling. Construction logs show that on average 
the acoustic deterrent device was switch on 
much earlier in casu 150 minutes (Rumes & 
Degraer 2020).

The second wind farm, NV Northwester 2, 
is located at 51 km off the coast of Zeebrugge 
to the northwest of Nobelwind, was granted 
an environmental permit on 18 December 
2015. The total capacity of this wind farm 
of 219 MW is provided by 23 turbines, each 
with a capacity of 9.5 MW. Pile driving for the 
Northwester 2 wind farm comprised 24 piling 
events (23 turbines and one offshore high 
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voltage station) from July 29th up to November 
13th 2019. Pile diameter ranged from 7.4 to 
8.0 m, penetration depth lay between 29 to 
39 m and total piling time varied between 
1 h 36 min and 3 h 40 min. All piles were 
installed using an S-3000 Hydraulic Hammer 
(maximum energy per pile 1942 ± 406 kJ). 
The contractor was legally obliged to turn 
on an acoustic deterrent device 30 minutes 
before the start of piling. Construction logs 
show that on average the acoustic deterrent 
device was started 60 minutes before the start 
of piling (Rumes & Degraer 2020).

The third wind farm, SeaMade, is 
comprised of two separate sections located 
at 40 and 54 km off the coast of Zeebrugge, 
and was granted an environmental permit on 
13 April 2015. The total capacity of this wind 
farm of 487 MW is provided by 58 turbines, 
each with a capacity of 8.4 MW. Pile driving 
for the Seamade wind farm comprised 60 
piling events (58 turbines and two offshore 
high voltage station s) from September 8th up 
to January 2nd 2020. Pile diameter ranged from 
7.5 to 8.0 m, penetration depth lay between 27 
to 41 m and total piling time varied between 
1 h 5 min and 3 h 26 min. All piles were 
installed using an S-4000 Hydraulic Hammer 
(maximum energy per pile 1930 ± 423 kJ). 
The contractor was legally obliged to turn 
on an acoustic deterrent device 30 minutes 
before the start of piling. Construction logs 
show that on average the acoustic deterrent 
device was started 40 minutes before the start 
of piling (Rumes & Degraer 2020).

2.2.	 Study set up

Echolocation is likely the most important 
sensory perception for harbour porpoises and 
they have been shown to use their echolocation 
system almost continuously (Akamatsu 
et  al. 2007; Wisniewska et  al. 2016). This 
allows correlation between detection rates of 
porpoise clicks by passive acoustic monitoring 
devices and porpoise density in a marine area. 
Passive acoustic monitoring of porpoises was 
conducted using the Continuous Porpoise 
Detector (C-PoD, further indicated as PoD). 

PoDs consist of a hydrophone, a processor, 
batteries and a digital timing and logging 
system. They continuously monitor sounds 
between 20 kHz and 160 kHz, and can 
detect all odontocetes except sperm whales 
(Physeter macrocephalus). A PoD does not 
record sound itself, but compresses data, 
generating a raw file with for each click 
characteristics such as time of occurrence, 
duration, dominant frequency, bandwidth 
and sound pressure level. Using dedicated 
software (CPOD.exe; Tregenza 2014), the 
raw file can be objectively analysed to find 
click trains and to classify these into trains 
produced by odontocetes and trains that 
originate from other sources such as boat 
SONAR. Distinction can be made between 
harbour porpoises, a species producing 
narrow-band, high frequency clicks, and 
dolphins, producing more broadband clicks 
with a lower frequency. The maximum 
detection range for porpoises is approximately 
400 metres. PoDs have autonomy of up to 200 
days (www.chelonia.co.uk). As porpoise click 
sounds are emitted in frontal direction with 
a beam angle of 16.5° maximum (Au et  al. 
1999), PoDs are only able to detect porpoises 
if they are facing towards the hydrophone.

For this study, we used data from PoDs 
deployed at 27 locations in the BPNS (Fig.  2): 
11 of which were specifically deployed for 
this study and the other 16 forming part of the 
VLIZ EU Lifewatch observatory (Flanders 
Marine Institute 2015). PoD locations need 
to be visited every 3-4 months to replace 
the batteries and memory card. This wasn’t 
always possible due to logistical issues (incl. 
COVID-19) leading to gaps in the dataset (see 
below). In addition, between 2016 and 2019, 
certain mooring locations were changed in 
function of ongoing construction activities. 
To increase the robustness of our dataset, 
mooring locations were divided into range 
classes: 0-5 km, 5-10 km, 10-15 km, 15-
20 km and > 20 km from the individual piling 
events using the R package geosphere version 
1.5.10 (Hijmans 2019).

Rumes & Zupan
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Figure 2. Location of selected porpoise detectors and pile driving events.
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2.3.	 Data selection and dataset 
preparation

For the 2016 and 2019 pile driving period, 
PoD data (merged high and moderate quality 
click train detections) were downloaded 
from the Lifewatch observatory (Flanders 
Marine Institute 2021). The selected PoD 
data ranged from May 2nd 2016 to October 6th 
2016 (Nobelwind) and the 14th of July 2019 to 
the 16th of January 2020 (Northwester 2 and 
SeaMade), and included a 14-day window 
pre- and post-pile driving was included. As 
between September 8th and November 13th 
2019, pile driving activities for Northwester 2 
and SeaMade overlapped, and as both projects 
used similar noise mitigation technology, data 
from both projects was combined. Detections 
were aggregated per hour to Detection 
Positive Hours (i.e., 0/1; DPH). We only used 
data where the PoD recorded a full hour (60 
minutes). When minutes exceed the maximum 
number of clicks per minute (4096), minutes 
are lost. As in Brandt et al (2016), a maximum 
of two lost minutes were allowed per hour. 

At least 30 minutes before pile driving 
an ADD is to be activated in order to deter 
porpoises from the immediate vicinity of the 

construction site and to protect them from the 
acute effects of construction noise. However, 
due to operational uncertainties, the actual 
interval between ADD activation and the start 
of pile driving is quite variable (Rumes  & 
Degraer 2020) and for these analyses, the start 
of pile driving was provided by the developers 
in daily reports on piling activities. Here, the 
start the activation of the ADD was considered 
the onset of acoustic disturbance, with the end 
of pile driving being considered as the end of 
acoustic disturbance. To align the (per hour) 
DPH information on detections with the (per 
minute) information on acoustic disturbance, 
the latter was rounded to the nearest hour, and 
for each hour the following information was 
generated: time since acoustic disturbance 
in hours and location of the most recent 
disturbance.  We calculated the minimum time 
since acoustic disturbance (in hours) per PoD 
station and per hour and combined it with the 
information on the distance to the individual 
piling events.

The PoD network was expanded between 
2016 and 2019 resulting in an increase of 
available stations from 13 to 18, Figs 3-4). 

Figure 3. Location of selected porpoise detectors and timing of pile driving events in 2016. 
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2.4.	 Exploratory statistical analysis

Plots were used to visualise porpoise 
detections by phase and distance. Mean 
detection-positive hours/hour (ø dph/h) with 
standard deviation (SD) and standard error 
(se) were calculated for three phases of a piling 
event (Impact (during acoustic deterrence 
or pile driving: hours since disturbance 0, 
Aftermath (shortly after pile driving: hours 
since disturbance 1-6), Recovery (at least two 
days after pile driving: hours since disturbance 
48-96) and by distance to the construction site 
for both projects (0-5 km, 5-10 km, 10-15 km, 
15-20 km and > 20 km). The use of a Baseline 
phase (hours before disturbance 48-24) was 
considered but had to be abandoned given the 
limited time between pile driving events.

The hourly POD data will later be used to 
develop a generalized linear model including 
both piling- and noise-related variables 
(to account for noise exposure and applied 
mitigation), time-related variables (to account 
for temporal autocorrelation and inherent 
temporal patterns such as seasonality).

All data analyses were performed in R 
version 3.6.1 (R Core Team 2019). 

3.	Results
In 2016, at relatively short distances to the 
pile driving (0-5 km), mean detection rates 
were 63% and 53% lower during acoustic 
disturbance (Impact) and immediately after 
(Aftermath) respectively, compared to a 
baseline of 48-96 hours after pile driving 
(Recovery). With increasingly higher 
distances from pile driving these differences 
became smaller (e.g., ~30% reduction during 
the Impact and Aftermath phases at 5-10 km) 
(Table 1; Fig. 5). 

In contrast, in 2019, at relatively short 
distances to the pile driving (0-5 km and 5-10 
km), mean detection rates during pile driving 
decreased less during the acoustic disturbance 
(11% and 31% respectively) compared to the 
Recovery phase. At larger distances from 
the pile driving (from 10-15 km onwards) 
differences in mean detection rates were 

Figure 4. Location of selected porpoise detectors and timing of pile driving events in 2019. 
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Figure 5. Mean detection-positive hours/hour (ø dph/h) for three phases of a pile driving event (Impact 
– top, Aftermath - middle, and Recovery - bottom) by distance to the construction site (0-5 km, 5-10 km, 
10-15 km, 15-20 km and > 20 km) for pile driving without (2016) and with effective noise mitigation 
systems (2019).

Rumes & Zupan
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relatively small (less than 15%) over the 
entire period.

In both years, the furthest distance class 
(> 20 km) showed no changes in mean detection 
rates between the different time periods. If we 
compare between years, detections in the 
furthest distance class (> 20 km) were ~25% 
lower in 2016 than in 2019. In the vicinity 
of the pile driving (0-5 km) this difference 
becomes even more pronounced with 64% 
(during acoustic disturbance) and 51% (in the 
first six hours after pile driving) less detections 
when no noise mitigation was used.

4.	Discussion
4.1.	 Spatial and temporal extent of 
porpoise displacement during pile driving

To meet the EU objective of reaching 
net-zero greenhouse gas emissions by 2050, 
offshore wind capacity in the North Sea 
should increase to a total installed capacity 
of at least 150 GW in the next thirty years 
(North Seas Energy Cooperation 2020). 
In Belgian waters, the installed capacity of 
offshore wind farms is expected to triple 
in the next ten years which will require the 
installation of hundreds of turbines with a 
construction period likely lasting multiple 
years. Mitigation measures are formulated 
to reduce the impact of offshore wind farms 
construction on marine mammals (and other 

marine life), but these are considered onerous 
by developers as they increase project cost 
both directly (i.e., the cost of the mitigation 
measures) and indirectly (by increasing 
construction time) (Koschinski & Lüdemann 
2013). In this chapter, we explored how 
the use of these noise mitigation systems, 
which results in reduced levels of impulsive 
underwater sound during construction, 
influenced the spatial and temporal extent 
of harbour porpoise avoidance of the 
construction sites. 

Our results show a relative reduction 
in avoidance of porpoise at short to middle 
distances to the pile driving, both during the 
acoustic disturbance (use of acoustic deterrent 
devices and pile driving) and in the immediate 
aftermath thereof. Without noise mitigation, 
mean detection rates of porpoises reduced 
in all intervals up to 15-20 km from the pile 
driving, confirming what was previously 
observed using aerial survey data, where 
decreased porpoise densities were observed up 
to 20 km from the piling event (Haelters et al. 
2013). With noise mitigation however, mean 
detection rates of porpoises reduced to a lesser 
extent and this reduction mainly took place at 
0-10 km from the pile driving. This is in line 
with a study in German waters which found the 
effects of unmitigated pile driving on porpoise 
to reach much farther (26 km [s.e.: 22-30 km]) 
than those of mitigated pile driving (11 km 
[s.e.: 10-12 km]) (Rose et al. 2019). However, 

Year Phase 0-5 km 5-10 km 10-15 km 15-20 km > 20 km

2016 Impact – Aftermath 22.2 19.4 38.8 3.8 0.0

Impact - Recovery 63.2 30.6 33.9 17.7 -2.6

Aftermath – Recovery 52.6 13.9 -8.1 14.5 -2.6

2019 Impact – Aftermath -5.4 -12.5 -8.1 6.4 0.0

Impact - Recovery 11.4 30.8 7.0 12.0 1.9

Aftermath – Recovery 15.9 38.5 14.0 6.0 0.0

Table 1. 2016 and 2019: Relative differences (%) in Mean detection-positive hours/hour for five distance 
classes over between Impact (during acoustic deterrence or pile driving: hours since disturbance 0), 
aftermath (shortly after pile driving: hours since disturbance 1-6), and recovery (at least two days after 
pile driving: hours since disturbance 48-96). Differences exceeding 30% are indicated in bold.
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the same study also indicated a lower limit to 
the effectiveness of noise mitigation stating 
that, all other aspects remaining equal, further 
improvements in noise mitigation did not 
result in a further decrease in the displacement 
range and duration for porpoises due to piling 
noise. This may be due to (a combination of) a 
stereotypical escape distance, the displacement 
effect of the acoustic deterrent devices, other 
construction-related noise, cumulative effects 
due to increasingly tight piling sequences, 
and local habitat characteristics at different 
offshore wind farm areas influencing porpoises’ 
tolerance of disturbance (Rose et  al. 2019). 
Nonetheless, current noise mitigation efforts 
have reduced the number of harbour porpoises 
responding to pile driving noise by ~75% (Rose 
et al. 2019; this study), demonstrating the role 
that noise mitigation can have in decreasing the 
likelihood of offshore wind farm development 
in the North Sea causing negative cumulative 
impacts at the porpopise population scale (de 
Jong et al. 2019). 

4.2.	 Effects of exposure to elevated 
levels of underwater sound

Elevated levels of underwater sound can 
affect harbour porpoises in several ways 
ranging from injury and death to discomfort 
and the masking of communication. Harbour 
porpoises are considered particularly 
sensitive to underwater noise (Tougaard et al. 
2015) and will temporarily vacate too noisy 
areas even if these are otherwise suitable 
(Culik et al. 2000). The fact that no porpoises 

were observed during the obligatory marine 
mammal surveys prior to pile driving may 
lead one to suspect that they completely avoid 
the construction zone during the construction 
work (Rumes  & Degraer 2020). However, 
as noted previously (Rumes et  al. 2017), 
even during pile driving, harbour porpoises 
are not completely absent from sites in the 
vicinity of pile driving. Lacking information 
on the movement on individual porpoises, the 
amount of underwater sound these animals 
are exposed to remains unclear. Detections in 
the vicinity of the construction zone can be 
due to both the continued presence of animals 
which tolerate higher levels of underwater 
sound and animals which are moving away 
from the sound source. A future comparison 
of the proportion of feeding buzzes to total 
porpoise click trains (sensu Nuuttila 2013; 
Zein et  al. 2019) during and after acoustic 
disturbance can provide more information on 
their behavior during acoustic disturbance.
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