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Abstract
Human activities at sea, such as shipping, 
fisheries, mariculture, and offshore renewable 
energy developments, potentially influence 
habitat use of marine mammals. In the 
Belgian part of the North Sea (BPNS), the 
most common marine mammal species is 
the harbour porpoise (Phocoena phocoena). 
In this study, we update the occurrence and 
seasonal distribution of this species in the 
BPNS and investigate the potential effect of 
operational offshore wind farms (OWFs). To 
do so, we used aerial survey data collected 
between 2009 and 2022 and analysed the 
spatio-temporal distribution of the harbour 
porpoise as a function of a selection of 
environmental drivers and anthropogenic 
stressors. The species’ distribution followed 
a consistent seasonal pattern, with the 
highest densities in spring, but with a high 
interannual variability in abundance, with 
peaks in 2011, 2014 and 2018. Porpoise 
distribution was explained by latitude and 
longitude, with the species preferring the 

western part of the BPNS, revealing a strong 
overlap with the Vlaamse Banken Special 
Area of Conservation (SAC). The distribution 
was also significantly negatively correlated 
with marine traffic intensity and distance to 
the closest OWF, but caution is needed in 
order not to overinterpret these correlations. 
Further studies are recommended to support 
or confute the findings of this study, and to 
better understand the interaction between 
natural factors, such as prey availability, and 
anthropogenic stressors driving the species 
distribution. The results of such studies may 
influence the management of future activities 
at sea and assist in conservation efforts.

1. Introduction
The rapid acceleration of human activities in, 
and exploitation of continental shelf areas has 
effects on marine mammals worldwide (e.g., 
Hawkins et al. 2017; Avila et al. 2018). For 
many species, essential habitats, including 
migration routes, feeding grounds and 
breeding areas, overlap with areas of intensive 

mailto:spaoletti%40naturalsciences.be?subject=


62

Haelters, Paoletti, Vigin & Rumes

human activities, leading to a range of effects 
(Bearzi et al. 2019; Minton et al. 2021). 
The North Sea is a hotspot of anthropogenic 
activities, including shipping, fisheries, sand 
extraction, port development and rapidly 
increasing renewable energy production 
(Peschko et al. 2016; Nachtsheim et al. 
2021). All of these activities have an effect 
on cetaceans, and potentially lead to habitat 
degradation or loss (e.g., Gilles et al. 2009), 
fisheries bycatch (e.g., Brownell et al. 2019), 
collisions with vessels (e.g., Schoeman et al. 
2020) and disturbance due to noise pollution 
caused by marine traffic and offshore wind 
farm (OWF) development (e.g., Haelters 
et al. 2014; Verfuss et al. 2016; Wisniewska 
et al. 2018).

In the southern North Sea, including the 
Belgian part of the North Sea (BPNS), the 
most common marine mammal species is 
the harbour porpoise (Phocoena phocoena) 
(Haelters et al. 2011; Bouveroux et al. 2020; 
OSPAR 2023). Harbour porpoises are wide-
ranging, highly mobile and energetically 
demanding small odontocetes that feed on 
a range of fish, such as sandeels, clupeids, 
gadoids, gobies and flatfish, and cephalopods 
(Haelters et al. 2012; Ransijn et al. 2019; 
Nachtsheim et al. 2021). After a strong decline 
in the 1960s, numbers of harbour porpoises 
have steadily increased in this region, likely 
as a result of a southward shift in distribution 
(Camphuysen 2011; Geelhoed et al. 2013; 
IJsseldijk et al. 2020). In the BPNS, animals 
can now be observed year-round, but their 
occurrence displays strong yearly fluctuations. 
There is a seasonal pattern with a peak from 
February to April (Haelters et al. 2013; Van 
Nieuwenhove et al. 2023); a similar seasonal 
pattern is observed in adjacent waters in 
the Netherlands and in the English Channel 
(Scheidat et al. 2012; Geelhoed et al. 2013; 
Gilles et al. 2016; Bouveroux et al. 2020). 
Within the BPNS, the density of animals was 
described as the highest in the south-western/
western part, and as higher further offshore 
vs inshore (Haelters et al. 2013). While the 
reasons driving a small-scale spatio-temporal 
distribution of harbour porpoises remain 

unclear, seasonal patterns may be driven by 
local prey availability (Haelters et al. 2011).

As a vulnerable species, the harbour 
porpoise is listed in Annexes II and IV of 
the European Union (EU) Habitats Directive 
(Council Directive 1992/43/EEC). As such, 
EU member states have the obligation 
to ensure its conservation through the 
implementation of, where needed, protection 
measures, supported by the necessary research 
and monitoring activities. Under the Marine 
Strategy Framework Directive (Directive 
2008/56/EC), national and international 
indicators and targets are developed, including 
for marine mammals. Threats and mitigation 
measures are also discussed in the framework 
of the regional agreement ASCOBANS 
(Agreement on the Conservation of Small 
Cetaceans of the Baltic, North East Atlantic, 
Irish and North Seas, 2009), concluded 
under the auspices of the Convention on the 
Conservation of Migratory Species of Wild 
Animals (CMS or Bonn Convention).

With the expansion of OWFs in the last 
decades in the North Sea (Xu et al. 2020; 
Degraer et al. 2022, 2021) and the planned 
ones for the next decade (Degraer et al. 
2022, 2023), the investigation of responses 
of harbour porpoises to OWFs during their 
construction and operational phases is of 
high importance in the frame of reaching 
conservation objectives. Studies using aerial 
survey and passive acoustic monitoring 
(PAM) have shown that OWF construction 
(and more in particular, pile driving of 
foundations) causes disturbance and large-
scale (temporal) displacement and avoidance 
reactions (e.g., Carstensen et al. 2006; Dähne 
et al. 2013; Thompson et al. 2013; Haelters 
et al. 2014; Brandt et al. 2018). Sound 
mitigation measures have been developed, 
tested and used in practice with positive 
results: a temporal ban on piling limits the 
number of animals exposed where seasonally 
differences occur in animals present, and 
measures such as single and double bubble 
curtains and ramp-up procedures reduce the 
number of animals exposed to loud noise, 
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the risk of physical damage to animals and 
the spatial extent of disturbance (Lucke et al. 
2011; Dähne et al. 2017; Rumes & Degraer 
2020; Rumes & Zupan 2021).

The potential negative or positive effects 
of operational OWFs on harbour porpoises 
have, in comparison to acute effects due 
to piling, received less attention. Studies 
have investigated if harbour porpoises were 
attracted to operational windfarms, were 
indifferent to them or if they avoided them, 
but contrasting behavioural responses lead to 
the question remaining largely unanswered 
(e.g., Blew et al. 2006; Tougaard et al. 
2006a, 2006b; Scheidat et al. 2009, 2011; 
van Polanen Petel et al. 2012; Teilmann 
& Carstensen 2012; Dähne et al. 2014; 
Vallejo et al. 2017; Collier et al. 2022). 
Behavioural responses may be site-specific, 
as the interplay between positive effects (i.e., 
high habitat quality, artificial reef effect for 
prey species, sheltering effect, effect of a 
diminished ship traffic) and negative effects 
(i.e., low habitat quality, noise disturbance) 
would yield different outcomes, depending on 
the underlying ecological features (Tougaard 
et al. 2005; Scheidat et al. 2011; Haelters et 
al. 2013). Potential responses could also be 
masked by a natural distribution, independent 
of the presence of offshore wind turbines.

In the BPNS, eight OWFs, totalling 
399 turbines, became operational over the 
course of 15 years (Rumes et al. 2022) and 
an additional zone for offshore renewable 
energy has been designated in the national 
marine spatial plan (MSP 2020–2026). 
However, no assessment specifically aimed 
at elucidating potential effects of operational 
OWFs on harbour porpoise distribution and 
abundance, has been undertaken. Also, given 
future developments, it is useful to update 
information on the species’ presence in the 
BPNS. The aim of this study is to analyse 
the spatio-temporal distribution of harbour 
porpoises in Belgian waters as a function 
of a selection of environmental drivers and 
anthropogenic stressors using aerial survey 
data. Specifically, this study aimed at analysing 

distribution patterns with special attention to 
the influence of operational OWFs.

2. Material and methods

2.1. Study area

The BPNS is located in the southwestern part 
of the North Sea basin (Figure 1); it has a 
surface of 3454 km2. The area is physically, 
geologically, and ecologically heterogeneous, 
consisting of a shallow sandbank system 
that classifies as Habitat 1110 (“sandbanks 
permanently covered with seawater”) under 
the European Habitats Directive. The habitat 
hosts a rich and highly productive benthic 
ecosystem (Pecceu et al. 2021). Offshore, 
predominantly in the northwestern part of 
the area, gravel beds occur that formerly 
hosted oyster beds (Habitats directive Habitat 
1170; “reefs”). Within the soft sediment, 
aggregations of the polychaete worm Lanice 
conchilega are widely dispersed; also, these 
aggregations were classified under habitat 
type 1170. The habitats present act as nursery 
areas for fish, cephalopods and crustaceans 
(Houziaux et al. 2008). The presence of habitat 
types 1110 and 1170 are the background for 
the delimitation, in 2012, of a Special Area of 
Conservation (SAC) of approximately 1.112 
km2 (the Vlaamse Banken) in the western part 
of Belgian waters (Pecceu et al. 2016).

In the eastern part of the BPNS, close to 
the border with Dutch waters, an area of 
238 km2 was allocated to the production of 
renewable energy. Between 2009 and 2022, 
eight OWF were constructed, totalling 399 
turbines with a total capacity of 2.26 GW 
(timeline and current status described in Rumes 
et al. 2022). The area is located between two 
major shipping lanes in the Southern North 
Sea (Figure 1). Due to its proximity to the 
English Channel and to large ports, such as 
those of Antwerp and Rotterdam, the BPNS 
and its surrounding waters have one of the 
busiest shipping traffic worldwide (Schallier 
& Van Roy 2015; Putland et al. 2022).
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2.2. Aerial surveys

Highly standardized and dedicated aerial 
surveys were carried out following the 
line-transect sampling strategy (Buckland 
et al. 2001). Surveys followed predefined 
track lines 5 km apart and perpendicular to 
the coastline to follow an onshore-offshore 
gradient (Figure 1). For practical reasons, 
part of the westerly survey tracks is located in 
French waters. A detailed description of the 
survey design and data collection are given 
by Haelters (2009) and Haelters et al. (2013). 
During the flight, sightings were recorded 
at non-predefined distances from the track 
line. Group sizes and presence of calves 
were noted. To calculate the perpendicular 
distance of each animal from the track (x), 
the altitude (h) was recorded, together with 
the angle (θ) between the horizon and the 

perpendicular line from the track to the 
animal, using a hand-held Suunto clinometer 
PM-5/360PC. The distance of the animal 
from the trackline was calculated with the 
Eq. 1: χ = h * tan(90° – θ).

The aircraft used was a Norman Britten 
Islander equipped with two bubble windows, 
accommodating two observers. Flight altitude 
was kept constant at 600 feet (183 m) and 
groundspeed was 100 knots (185 km/h). Data 
on ground speed, altitude, time, GPS-position 
and heading were recorded with a high 
temporal frequency (every second). Given 
the high availability of the aircraft, flights 
were only performed during good observation 
conditions (sea state ≤ 2 and visibility > 2 km). 
Preferably, surveys were completed within 
one day, but if this was not possible, the tracks 
were completed in a subsequent flight, in most 

Figure 1. Overview of all harbour porpoise sightings during dedicated aerial surveys (2009-2022) outside 
of periods with piling operations in Belgian waters. Red tracks represent the line transects as planned. 
OWFs are colour coded based on the year they became operational. An average monthly route density 
map (number of vessels detected by AIS in a grid cell of 1 × 1 km each month) is shown underneath, on 
top of which is the latest shipping lanes plan as revised in the MSP (2020–2026).
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cases less than a few days later, thus assuming 
a similar species abundance and distribution 
in both flights. Survey flights were always 
combined with regular coastguard tasks: 
tracks were temporarily interrupted to record 
and document detections of e.g., oil slicks or 
shipping navigation violations.

Analyses of the data were carried out 
using Distance 7.5 Release 1 (Thomas et al. 
2010). Given the highly standardized nature 
of the surveys, all observations could be 
pooled to obtain one detection function. A 
half-normal detection function with cosine 
adjustments was selected on the basis of the 
lowest Akaike Information Criterion (AIC; 
Thomas et al. 2010).

From the detection model, an effective 
half strip width (E(1/2)SW) of 147.97 m 
(137.93-158.74) could be estimated, using 
2926 observations of in total 3552 animals 
during 40 surveys. As not all animals were 
seen by the observers (perception bias), and 
as some animals were not visible at or near 
the surface, given that they were too deep 
(availability bias), a g(0) was applied as 
estimated for similar surveys (g(0): 0.364; 
Hammond et al. 2021). Using different values 
of g(0) would influence the absolute value of 
density and abundance estimates but would not 
change the relative distribution or encounter 
rate (animals observed/effort). Hence, as the 
aim of this study was to investigate variability 
in abundance and density distributions, the 
use of partially corrected observations is as 
informative (as seen in Vallejo et al. 2017).

In this study, 40 aerial surveys performed 
between 2009 and 2022 were considered. 
Surveys with a deviating track or a different 
technical setup (1 bubble window instead of 
2) were excluded from the analysis (3 surveys) 
and in some cases consecutive surveys that 
were carried out over a very short period were 
combined and considered as one survey, with 
some or all tracks being flown more than once. 
This resulted in 31 full coverage surveys. Of 
these, surveys that were carried out during or 
very shortly (≤ 48 hrs) after piling operations 
in Belgian or Dutch waters (e.g., Borssele) 

were excluded from the analyses, reducing the 
number of surveys considered to a total of 21. 
The surveys were analysed for the purpose of 
assessing factors that could influence harbour 
porpoise distribution and abundance, and 
especially with a focus on possible effects of 
operational OWFs.

2.3. Data processing in QGIS

2.3.1. Seasonal maps of observed estimated 
densities

A squared grid of resolution 5x5 km was 
created to cover the entire surveyed area. The 
grid was aligned as much as possible with the 
surveyed transects to maximize the evenness 
of the survey effort across grid cells. For each 
survey, the total length of the flight track and 
the total number of observed individuals in 
each grid cell were calculated. To only retain 
representatively surveyed grid cells for each 
survey, grid cells with a surveyed effort smaller 
than 3.75 km were excluded from the dataset, 
corresponding to a threshold of 75% coverage 
of the grid cell dimension (length of 5 km). 
The survey effort (hereafter called “observed 
km2”) was calculated as the length of the flight 
track in the grid cell (hereafter called “transect 
length”) multiplied by the total effective strip 
width (295.94 m). Grid cells which were 
not representatively surveyed, or which fell 
outside the surveyed area, were assigned a 
N/A value. For each representatively surveyed 
grid cell, the encounter rate was calculated as 
the number of harbour porpoises observed 
per km surveyed (ind/km). The estimated 
density (D) was calculated as the number of 
individuals observed per observed km2, the 
latter multiplied by g(0) (0.364) (Eq. 2):

Dgrid cell =
              No. of indgrid cell

     Transect lengthgrid cell * ESW * g(0)

Estimated density distribution maps 
were produced for each survey. After visual 
scrutiny, the estimated density distributions 
were averaged at grid cell-level for each 
season to obtain seasonal distribution 
maps, except for winter where surveys 
were too scarce in number. In winter, given 
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that observation conditions are usually 
unfavourable, mostly due to short days and 
a low hanging sun leading to a lot of glare, 
only two surveys were performed. Seasonal 
distribution maps were preferred over an 
overall map as strong seasonal patterns are 
known for the species in Belgian waters 
(Haelters et al. 2011, 2013) and in the North 
Sea in general (Gilles et al. 2009, 2016). The 
averaging exercise followed the assumption 
of a spatial symmetric distribution in different 
surveyed years but during the same season, 
similarly to what was done by Gilles et al. 
(2009). Furthermore, the individual survey 
detection curves were verified to be similar, 
as done in Scheidat et al. (2008). To quantify 
and visualize the variability in total number 
of observations in the same grid cell across 
years, estimated density standard deviation 
(SD) maps were computed for each season. 
This choice was justified by the scope of the 
study, which aimed at understanding and 
visualizing relative abundances and spatial 
distribution of harbour porpoises in Belgian 
waters rather than obtaining exact absolute 
numbers and density values at a relatively 
small spatial scale for this highly mobile 
species.

2.3.2. Calculation of explanatory variables

Several environmental and anthropogenic 
factors were considered for the investigation 
of potential drivers influencing the relative 
distribution of harbour porpoises in the 
BPNS. Information on each observation 
of position (latitude, longitude, corrected 
for distance to the aircraft), season and 
year were available from the survey data. 
A bathymetry map with a resolution of 
115 × 115 m was downloaded from the open-
source Map Viewer of the European Marine 
Observation and Data Network (EMODnet; 
https://emodnet.ec.europa.eu/geoviewer/). 
Depth values were extracted at each corrected 
observation position using the plugin ‘point 
sampling tool’. Monthly route density maps 
for the period 2019-2022 (i.e., maximum time 
interval available) with 1 × 1 km resolution 
were downloaded from EMODnet Map Viewer. 

Monthly route density maps represent the total 
number of vessels of all types detected in each 
grid cell in a given month using the Automatic 
Identification System (AIC), and account as 
a proxy of marine traffic. All monthly maps 
were averaged to obtain an overall proxy 
map for marine traffic and shipping intensity 
(Figure 1). Shipping intensity values were 
extracted at each observation location using 
the plugin ‘point sampling tool’. To quantify 
the potential attraction or avoidance effect 
of OWFs on harbour porpoises, the distance 
of each observed individual from the closest 
OWF (i.e., the closest turbine) was calculated 
using the function ‘distance to the nearest hub’. 
As different OWFs became operational in 
different years, distances of observations made 
in a specific year were calculated exclusively 
with respect to the turbines present at the time, 
following the development timeline presented 
in Rumes et al. (2022; Figure 2). Finally, the 
underlying seafloor habitat type was considered 
as a proxy for other ecological factors driving 
the species distribution. The seafloor habitat 
classification in Pecceu et al. (2021) was used 
as it considered sandbanks, the probability of 
the occurrence of aggregations of Lanice and 
the occurrence of gravel beds (Habitats 1110 
and 1170 in the Habitat Directive). It further 
subdivided sandbank habitats into five types 
of macrobenthic communities, and Habitat 
type 1170 into gravel beds and the probability 
of the occurrence of aggregations of Lanice 
conchilega (for a total of seven benthic 
community types, hereafter called ‘habitat 
type’). To obtain a habitat type for each grid 
cell, grid cells were assigned to the classifi-
cation with the highest coverage percentage. 
Grid cells where the habitat type was not 
available (e.g., for the parts of the tracks over 
French waters) were classified as ‘unknown’. 
For the grid cells where no individuals 
were observed during a specific survey, all 
explanatory variables were calculated from 
the grid cell centroid coordinates.

2.4. Statistical analysis

Due to the spatial nature of the data, two 
separate sets of statistical analyses were done: 

https://emodnet.ec.europa.eu/geoviewer/
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Figure 2. A. Grid area (red) of 1475 km2 up to 15 km from all turbines in surveyed Belgian waters selected 
for the spatio-temporal analysis of the potential influence of operational OWFs on the distribution of 
harbour porpoises. B. Timeline of the sequence of OWFs becoming operational in the BPNS between 2009 
and 2022 with associated yearly harbour porpoise sightings made during aerial surveys, and underlying 
bathymetry map. From 2019 onwards, one track directly over the OWF was not flown anymore for safety 
reasons (see Fig. 1).
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(1) a spatio-temporal analysis of the potential 
influence of environmental and anthropogenic 
factors on the overall distribution of harbour 
porpoises in the BPNS; (2) a spatio-
temporal analysis of the potential influence 
of operational OWFs on the distribution of 
harbour porpoises in the area surrounding, 
and including, the OWF area.

Operational OWFs in the BPNS are highly 
clustered and localized at the eastern part of the 
BPNS, along the border with the Dutch EEZ 
and neighbouring the most westerly Dutch 
OWFs. As such, they have a strong spatial 
correlation with other environmental features 
and gradients such as latitude, longitude and 
depth when considered at the overall BPNS 
level (Figure 1). Moreover, wind farms 
are located in the eastern part of Belgian 
waters, while porpoises naturally occur in 
higher densities in more westerly waters, as 
documented by previous literature (Haelters 
et al. 2011, 2013), with results indicating a 
higher sighting rate in more westerly waters 
within the BPNS (Figure 1). To reduce 
such spatial correlation and to produce a 
meaningful assessment of the potential effect 
of operational OWFs on harbour porpoise 
distribution, the area of interest in the latter 
statistical analysis was reduced to 1475 km2 

(59 of 255 grid cells), as such covering a 
surface defined by a 15 km radius surrounding 
the OWF area (Figure 2). The area east of 
the OWF area was not selected as it covered 
Dutch waters with no survey effort.

All statistical analyses were performed 
in Rstudio (ver. 4.1.1; Rstudio Team 2020). 
Both data from response and exploratory 
variables were inspected for correlation, 
outliers, normality and homoscedasticity 
prior to the modelling exercise following 
the protocol from Zuur et al. (2010). The 
response variable used in both analyses was 
the sighting rate (ind/nm) in each grid cell per 
survey (transformed into integer counts for 
the modelling exercise). As it is often the case 
with species distribution count data (Dénes 
et al. 2015), especially when derived from 
visual surveys (Zipkin et al. 2014; Vallejo et 

al. 2017), the data were zero-inflated. Zero-
inflation occurs when the number of zeros 
is excessive compared to the integer counts 
and influences the modelling of a Poisson 
regression causing overdispersion (Yang 
et al. 2017). Zeros divide into true zeros 
(i.e., the animal is absent) and false zeros 
(i.e., due to observed error, sampling error, 
or wrong survey design; Zuur et al. 2009). 
Therefore, zero-inflated (ZINB) and zero-
altered negative binomial regression (ZANB) 
models were used and tested. The difference 
stands in how the zeros are handled, but 
both apply two different distributions to the 
data: a logistic distribution to the zeros and 
a negative binomial distribution to the counts 
(Zuur et al. 2009). ZINB models were built 
with the function zeroinfl (package pscl), 
while ZANB models were built with the 
function hurdle (package pscl). Backward 
stepwise model selection was done separately 
for both models based on the AIC. Model 
selection between the best ZINB and ZANB 
models was based on AIC scores. Models 
were validated by assessing the residuals’ 
normality, the residuals versus fitted values, 
and the residuals versus each covariate. For 
all analyses, an alpha threshold of p = 0.05 
was used for statistical significance.

3. Results
3.1. Seasonal distribution

A total of 2738 harbour porpoises were 
observed during the 21 aerial surveys 
considered for this analysis (Table 1). The 
average sighting rate (number of animals 
observed per 100 nautical miles surveyed) 
was much higher in spring (54.93 ± 87.14) 
than in summer (16.58 ± 33.61) or autumn 
(10.60 ± 26.58) (mean ± SD) (Wilcoxon Rank 
Sum Test p-value < 0.0001 for both pairs). 
The sighting of (presumed) mother-calf pairs 
was, as can be expected giving the calving 
season (May–July), highest in summer (54 
out of 84 calves observed). The observed 
average group size was 1.12 in spring, 1.30 in 
summer, and 1.29 in autumn.
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The strong seasonal difference in 
estimated density is associated with a 
strong seasonal spatial distribution pattern 
(Figure 3). Although the total number of 
observations made in each grid cell varied 
across years in the same season, the spatial 
pattern of the observations did not differ, 
and seasonal maps of mean densities could 
be achieved. In spring, both observations 
and estimated density distribution followed 
a clear pattern, with a relatively high density 
offshore and in the western part of Belgian 
waters, continuing into adjacent French 
waters. In this area, estimated densities 
reached average values of 8 individuals per 
km2. Observations and estimated densities 
were low in coastal waters within the first 
12 nautical miles, except for the coastal area 

off Nieuwpoort. In summer, the distribution 
gradients were less defined and homogeneous, 
but still revealed higher estimated densities 
in offshore waters, especially in the western 
part of the BPNS. Estimated densities per 
grid cell ranged from 0 to 4.1 individuals/
km2. Most mother-calf pairs were observed 
in the western part of the BPNS. Several grid 
cells showed a higher variability in density 
over different years. In autumn, observations 
and estimated densities were spread across 
the BPNS without a clear distributional 
pattern. Most mother-calf pairs were seen 
offshore, and relatively many animals were 
observed in waters close to shore. In autumn, 
the highest estimated density per grid cell 
was 2.7 individuals/km2.

Year Season Survey effort 
(nm flown)

No. of 
individuals

No. of 
calves

Average 
group size

Sighting rate 
(ind/100 nm)

2009 Spring 275.35 13 0 1.08 4.32
2010 Winter 347.04 51 0 1.30 14.74
2010 Spring* 344.50 59 0 1.04 15.60
2010 Summer 346.29 38 2 1.28 10.13
2011 Spring* 1118.09 646 0 1.24 56.64
2011 Winter 327.89 100 2 1.79 29.84
2012 Spring 348.02 196 1 1.14 53.42
2012 Autumn 344.32 40 0 1.28 11.15
2014 Spring 333.71 331 0 1.09 94.48
2014 Autumn* 728.15 64 0 1.32 8.13
2016 Spring 333.30 104 0 1.05 29.86
2017 Summer 357.78 116 21 1.25 30.49
2017 Autumn 302.23 21 2 1.07 6.98
2018 Spring 359.81 404 0 1.15 108.62
2018 Summer 287.46 41 6 1.28 12.73
2019 Summer* 706.64 93 12 1.23 12.38
2020 Autumn 325.37 37 0 1.19 9.94
2021 Summer 315.49 52 10 1.49 16.31
2021 Autumn 323.96 52 7 1.58 13.47
2022 Spring 334.66 235 21 1.19 64.94
2022 Autumn 284.66 45 0 1.32 14.51

Total (n = 21)/average 8444.76 2738 84 1.26 30.33 

Table 1. Overview of aerial surveys used in this study with associated features, including the survey year, the 
season, total on task effort in nautical miles, the total number of harbour porpoises observed, the number of calves, 
the average group size and the average sighting rate expressed as observed individuals per 100 nautical miles 
surveyed (mean ± SD). Surveys with asterisks (*) indicate surveys that are the result of a combination of surveys 
undertaken within short timeframes. 
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3.2. Factors influencing overall harbour 
porpoise distribution in the BPNS

The variability in the overall harbour porpoise 
distribution in the BPNS, represented by 
sighting rate (ind/nm) per grid cell, was 
statistically significantly explained by 
the season, the year, the latitudinal and 
longitudinal coordinates and their interaction, 
depth and marine traffic (Table 2). Predicted 

values in function of scaled explanatory 
variables and predicted regression curves 
are shown in Figure 4. Sighting rate 
(ind/nm) showed significant variability in 
function of years (overall p-value < 0.0001), 
with higher rates in 2011, 2014 and 2018. 
Significant variability was also found in 
function of season, with spring significantly 
different (p-value < 0.0001) from summer and 
autumn, which did not differ from each other. 

Figure 3. Seasonal density distribution maps of harbour porpoises (ind/km2) (left) and associated 
variability (right) in the survey area in spring (March–May), summer (June–August), and autumn 
(September–November), calculated as mean between 2009 and 2022. Grid cell size: 5 × 5 km. Black dots 
indicate every observation; red stars indicate calves.
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Negative binomial part (counts) Zero-inflated part (zeros)

Response 
variable

Explanatory 
variable

Est. coeff. 
(mean ± SE)

Chi-
Square p-value Est. coeff. 

(mean ± SE)
Chi-

Square p-value

Sighting rate 
(ind/nm)

Shipping intensity -0.06 ± 0.02 7.88 0.005 0.13 ± 0.05 6.91 <0.0001
Latitude 0.10 ± 0.02 21.86 <0.0001 -0.17 ± 0.05 15.10 <0.0001
Longitude -0.20 ± 0.02 72.75 <0.0001 0.39 ± 0.05 70.20 <0.0001
Interaction Lat*Long 0.07 ± 0.03 4.00 0.045 -0.16 ± 0.07 4.84 0.028
Season-Spring 0.73 ± 0.07

113.81
<0.0001 -1.85 ± 0.14

181.00
<0.0001

Season-Summer 0.05 ± 0.09 0.597 -0.77 ± 0.16 <0.0001
Year 0.78 ± 0.23 188.28 <0.0001 -2.80 ± 0.40 234.41 <0.0001

Table 2. ZINB regression model with best performance used to describe overall distribution of sighting rates 
(ind/nm) in the BPNS as a function of broad-scale environmental and anthropogenic factors. Model estimated 
coefficients for the count model part are presented as mean ± SE. Chi-Square values and p-values are shown for each 
explanatory variable selected by the model.

Figure 4. Negative binomial regression lines fitted by the best selected ZINB model between predicted 
sighting rates (fitted values) and each statistically significant explanatory variable for A) the analysis 
of the overall distribution of harbour porpoises in the BPNS, and B) the analysis of the distribution of 
harbour porpoises in the surrounding of the OWF concession areas as a function of distance to operational 
turbines, and other environmental drivers.
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Spatially, the overall distribution was 
significantly explained by latitude, longitude 
and their interaction. Sighting rate (ind/nm) 
increased with increasing latitude (p-value = 
0.004) and decreasing longitude (p-value 
< 0.0001). Habitat type was highly correlated 
with depth and latitudinal and longitudinal 
coordinates, and therefore could not be tested 
in the same model. Habitat type was tested 
in an alternative competing model, but it did 
not significantly explain variability in density 
(data not shown). Finally, marine traffic 
significantly affected the overall distribution 
(p-value < 0.0001), with species density being 
higher with lower traffic intensity.

3.3. Effect of operational offshore wind 
farms on harbour porpoise distribution

The distribution of harbour porpoises in 
the vicinity of the OWFs in the BPNS was 
represented by sighting rates (ind/nm) per grid 
cell in a selected area of 1475 km2 comprising 
and extending beyond the OWF concession 
areas. The spatio-temporal distribution could 
be explained by distance to the closest OWF, 
as well as by season, year, latitudinal and 
longitudinal coordinates, and their interaction 
(Table 3, Figure 4). The distance of each 
observation from the closest OWF (i.e., 
turbine) did not significantly explain part of 
the variability in the observed distribution 

despite the variable was retained in the 
best model (p-value = 0.116), with sighting 
rates marginally decreasing with increasing 
distance to the OWF. Sighting rates in the 
selected area varied from 0 ind/nm to 5.56 ind/
nm per grid cell, and distances ranged from 
42 m to 35 km. The remaining variability was 
significantly explained by the environmental 
factors, in line with the results of the analyses 
over the entire survey area. Sighting rate was 
significantly different among years (overall 
p-value < 0.0001), with higher rates in 2011, 
2014 and 2018. Significant variability was 
found in function of season, where sighting 
rate was higher in spring (p-value = 0.0001) 
but similar in summer and autumn. Finally, 
the distribution was significantly explained 
by longitude and by the interaction between 
latitude and longitude. The sighting rate 
increased with decreasing longitude (p-value 
< 0.0001).

4. Discussion
Data were collected in a highly standardised 
way, as such allowing for analyses on a 
larger spatial scale, such as the southern and 
central North Sea (Gilles et al. 2016) and 
even the whole of the North Sea and adjacent 
Atlantic Ocean (Waggit et al. 2019). While 
the surveys conducted here were conducted 
on a relatively small spatial scale, they were 
conducted, compared to large-scale surveys 

Negative binomial part (counts) Zero-inflated part (zeros)

Response 
variable Explanatory variable Est. coeff. 

(mean ± SE)
Chi-

Square p-value Est. coeff. 
(mean ± SE)

Chi-
Square p-value

Sighting rate 
(ind/nm)

Distance to OWF -0.18 ± 0.11 2.47 0.116 – – –
Latitude – – – 1.04 ± 0.21 44.97 <0.0001
Longitude -0.36 ± 0.05 34.44 <0.0001 0.47 ± 0.19 41.59 <0.0001
Interaction Lat*Long – – – -1.36 ± 0.22 38.06 <0.0001
Season-Spring 0.75 ± 0.11

91.84
<0.0001 -1.60 ± 0.24

52.05
<0.0001

Season-Summer 0.27 ± 0.15 0.068 -0.25 ± 0.28 0.356
Year 0.88 ± 0.65 97.97 <0.0001 -3.54 ± 0.66 124.63 <0.0001

Table 3. ZINB regression model with best performance used to describe distribution of sighting rates (ind/nm) 
as a function of their distance to operational OWF and other local environmental factors, in the selected area of 
2125 km2 surrounding and including all OWF concession areas. Model estimated coefficients for the count model 
part are presented as mean ± SE. Chi-Square values and p-values are shown for each explanatory variable selected 
by the model. 
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such as SCANS surveys (Hammond et al. 
2021), with a relatively high spatio-temporal 
resolution, as such allowing for, for instance, 
finer-scale temporal and spatial analyses.

4.1. Seasonal and interannual variability

Dedicated marine mammal surveys conducted 
between 2009 and 2022 revealed a clear 
seasonal and interannual variability in the 
abundance of harbour porpoises. Porpoises 
could be observed year-round, but the highest 
numbers were observed in spring. In spring, 
mean sighting rate was 54.9 ind/100 nm and 
mean estimated density was 2.78 ind/km2. In 
summer, abundances were lower, but sightings 
of calves were most common, as females give 
birth in late spring or early summer (Gilles et 
al. 2009). Animals were mostly sighted alone 
or in small groups, leading to a small average 
group size (1.26 individuals). Observations 
are in line with those of Bouveroux et al. 
(2020) who recorded the highest numbers 
in the eastern English Channel in winter, 
and Haelters et al. (2013) and Scheidat et al. 
(2012), who recorded the highest abundances 
in winter and early spring in Belgium and 
the Netherlands. Due to reasons explained 
above, very few surveys were conducted 
in winter, but acoustic monitoring between 
2010 and 2018 in the BPNS confirm this 
trend (Haelters et al. 2016; Augustijns 2018). 
Seasonal trends in relative spatial distribution 
were consistent across all surveys, but the 
number of sightings varied interannually, as 
also reported by Haelters et al. (2013). These 
variations are potentially the consequence of 
the small spatial scale of this analysis and the 
highly mobile nature of the species, but they 
may also be caused by large-scale natural 
variations in distribution, possibly instigated 
by changes in the distribution and abundance 
of the most important prey species (Hammond 
et al. 2013; Dähne et al. 2014; Geelhoed & 
Scheidat 2018).

4.2. Patterns in distribution

The seasonal distribution maps (Figure 3) 
display the standard deviation in sighting rate 

recorded in each grid cell across years. As it 
is based on a large number of data and as the 
resulting density distribution shows a similar 
pattern throughout the years, it is probable that 
this distributional pattern is the consequence 
of a combination of environmental and 
anthropogenic factors. Instead, the summer 
and autumn maps should be treated with more 
caution, and they could partly be the result of 
animals passing through the area, with an ad 
hoc location that is influenced to a lesser extent 
by local environmental conditions or effects 
of anthropogenic activities. Nevertheless, the 
observed spatial distribution in this study is 
in accordance with what is already known 
for the species in Belgian waters (Haelters 
et al. 2011, 2013). Harbour porpoises could 
be observed throughout the surveyed area. 
Coastal waters, within the 12 nautical mile 
zone, had the lowest sighting rate during the 
study period. A strong longitudinal gradient in 
distribution was confirmed in this study, with 
relatively high sighting rates in the north-
western/western part of the study area, near 
and beyond the border with the French EEZ. 
This distribution was especially apparent in 
late winter and spring. In summer however, 
and more noticeably in autumn, animals were 
more evenly distributed across the BPNS.

The harbour porpoise is a highly mobile 
species with an extensive range within the 
North Sea. It feeds opportunistically on a 
large number of prey species. Therefore, 
the array of ecological and anthropogenic 
factors and their interactions driving the 
species’ spatio-temporal distribution are hard 
to unravel (Gilles et al. 2016). Large-scale 
studies performed in one season and with a 
low temporal resolution, such as the SCANS 
surveys (Hammond et al. 2013, 2017) and 
small-scale surveys performed with a higher 
frequency, such as the ones described here, 
both have their value in unravelling spatio-
temporal patterns, as a first step towards 
understanding the drivers of the patterns. 
For the harbour porpoise, a small, warm-
blooded mammal that lives in a relatively 
cold environment, the availability of food 
is key to its survival (Kastelein et al. 1997; 
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IJsseldijk, 2021). Therefore, one should be 
able to explain, at least partly, its occurrence 
and distribution by the distribution and 
availability of its preferred prey (Lambert 
et al. 2016; Ransijn et al. 2019; Nachtsheim 
et al. 2021). In turn, prey distribution is 
influenced by several underlying ecological 
factors (Skov & Thomsen 2008; Ransijn 
et al. 2019). Given the frequently very high 
densities recorded locally in the survey area 
in this study, this area should be considered 
as forming part of a highly valuable area for 
the species, with also in adjacent French and 
nearby Dutch waters frequent records of high 
densities of porpoises (Geelhoed & Scheidat 
2018; Bouveroux et al. 2020).

In this study, statistical analyses revealed 
that latitude, longitude and their interaction 
accounted for a large part of the distribution 
variability of harbour porpoises. These factors 
act as proxies for underlying ecological 
gradients that are not directly accounted for 
in the analysis (IAMMWG 2015). Harbour 
porpoises inhabit dynamic shallow waters of 
continental shelves which host suitable habitat 
conditions for feeding (Skov & Thomsen 2008; 
Lambert et al. 2016). Water current speed was 
not included in this study, although in studies 
it was reported to be a significant driver for 
the presence of porpoises, as stronger currents 
can promote primary productivity and prey 
abundance (Bouveroux et al. 2020). In the 
BPNS, prey distribution may be influenced by 
the underlying benthic habitat type. Habitat 
type was considered in the analyses but did 
not significantly explain variability in harbour 
porpoise distribution, potentially because 
of the very different spatial resolution by 
which habitat type and porpoise distribution 
are described, and/or because of the fact that 
part of the diet of porpoises consists of fish 
that are pelagic, or at least partially pelagic 
(e.g., sandeels), as such independent of the 
habitat type used in the analysis. However, 
as part of the diet of porpoises consists of 
pelagic fish species, with an occurrence partly 
independent of local benthic habitat type, 
local concentrations and seasonal movement 
patterns of porpoises may be the consequence 

of the presence and migration of these prey 
species.

Independently of the considerations 
mentioned above, it is clear that at least in 
late winter and spring porpoises occurred in 
a relatively high density in the western and 
northwestern part of the study area, with a 
strong overlap with the Vlaamse Banken SAC 
(MSP 2020–2026). This SAC was established 
in 2012 to protect an ecosystem of sandbanks 
that included Habitat 1110 and 1170, and to 
conserve some of the richest remnants of 
gravel beds in Belgian waters known to occur 
in their gullies (the Hinder Banks) (Houziaux 
et al. 2008; Pecceu et al. 2016, 2021; 
Montereale-Gavazzi et al. 2023). The area 
is known to sustain a complex food web that 
includes species of commercial interest, and it 
is therefore subject of a sustained exploitation 
by fisheries (Pecceu et al. 2021).

4.3. Influence of shipping

Marine traffic is the primary source of 
underwater noise pollution worldwide and it 
is known to cause behavioural responses in 
cetaceans (e.g., Gomez et al. 2016; Avila et al. 
2018; Pirotta et al. 2018). Harbour porpoises 
have been seen to fluke, dive and interrupt 
foraging and even echolocation when 
encountering noisy vessels (Wisniewska et 
al. 2018). Noise avoidance and behavioural 
changes in foraging may particularly be 
affecting the species’ fitness and survival as it 
extensively uses echolocation for its incessant 
feeding pace (Wisniewska et al. 2018).

In this study, shipping intensity was 
found to significantly explain the distribution 
of porpoises, with a decline in sighting rate 
with increasing shipping traffic. The highest 
densities of porpoises were found within 
and around the Vlaamse banken SAC which 
is void of shipping lanes, and therefore has 
lower traffic intensities compared to other 
areas.

However, such results should be 
considered carefully, as other factors could 
affect this relationship. For instance, as the 
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data on shipping relies on AIS detections, 
the anchorage area in front of Ostend is 
overrepresented. Moreover, the area around 
the port of Zeebrugge has a very high 
shipping density, and a low harbour porpoise 
density, but the latter could also be due to a 
less suitable habitat, with for instance a higher 
turbidity and/or a lower density of suitable 
prey species.

4.4. Influence of operational OWFs

Underwater noise generated by operating 
OWF is another source of anthropogenic 
noise of which the effect on marine mammal 
behaviour is still unclear. While marine 
mammals may be attracted to operational 
OWFs because of a higher food availability 
due to artificial reef effects and the absence 
of fishing, they may also avoid the area 
because of the increased underwater noise 
from the turbines and the vessel traffic in 
their surroundings (Tougaard et al. 2005; 
Scheidat et al. 2011; Haelters et al. 2013). In 
the Netherlands, an increase in the number of 
harbour porpoises was detected by acoustic 
devices inside the operational OWF Egmond 
aan Zee (OWEZ; Scheidat et al. 2009, 2011). 
The increase in food availability and/or a 
sheltering effect from fisheries disturbance 
were proposed as a possible explanation for 
this. In contrast, no differences were detected 
inside vs outside the operational OWF Prinses 
Amalia windfarm (van Polanen Petel et al. 
2012). Similar results were obtained with 
aerial surveys over the Borssele OWF, where 
no conclusive support for either avoidance 
or attraction was found (Collier et al. 2022). 
In Denmark, no difference in number of 
animals was detected by acoustic devices 
inside and outside the OWF Horns Reef, 
with a complete recovery to baseline levels 
observed within one year of the operational 
phase (Tougaard et al. 2006b; Blew et al. 
2006). In contrast, a long-term negative effect 
from the construction extending into the 
operational phase on the species’ occurrence 
was suspected for the OWF Nysted: acoustic 
detections had returned to baseline levels in 
the nearby reference area after two years, but 

within the OWF itself they had not recovered 
after 10 years (Tougaard et al. 2006a; Teilmann 
& Carstensen 2012). In the UK, no difference 
in the number of harbour porpoises between 
the preconstruction and the operational 
phase was observed during ship surveys at 
the Robin Rigg OWF in UK (Vallejo et al. 
2017). The quick return of animals after the 
construction phase ended was hypothetically 
linked to habitat quality: animals may display 
a shortened avoidance behaviour if the habitat 
is of high quality for feeding. In Germany, 
the operational OWF Alpha Ventus did not 
seem to affect harbour porpoise distribution, 
which was apparently driven by a large-scale 
natural variation (Dähne et al. 2014). Overall, 
contrasting results have been potentially 
linked to site-specificities such as differences 
in OWF features, or underlying ecological 
aspects driving the harbour porpoise response 
(Scheidat et al. 2009; van Polanen Petel et al. 
2012), underlining the importance of region-
specific investigations.

As OWFs are densely clustered and 
localised in the eastern part of the BPNS, 
at the border with the Dutch EEZ, they 
have a strong spatial correlation with other 
environmental gradients in the BPNS such 
as latitude, longitude and depth. The results 
of our analysis revealed that variability 
in harbour porpoise distribution was not 
significantly explained by the distance 
of each observation to the closest OWF, 
despite the variable being retained in the best 
model with marginally higher sighting rates 
at decreasing distances from the turbines. 
A similar density of harbour porpoises 
outside and within the OWF area could, in 
theory, be due to the trade-offs between the 
introduced underwater noise of operational 
wind turbines and the availability of suitable 
prey. However, the results presented here may 
have been confounded by presumptions and 
analytical constraints. Although the analysis 
was performed in a selected area to avoid the 
covariates of spatial distribution affecting the 
results, the natural gradient in the distribution 
of harbour porpoises across the BPNS 
may still have influenced the analysis. As 
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discussed above, porpoises were generally 
distributed according to an east-west gradient, 
and perhaps favour more westerly waters, 
independently of the presence of OWFs. 
Furthermore, the survey track directly above 
the OWFs could not be flown from 2019 
onwards. The lower coverage of the OWF 
area may have influenced the analysis. All 
in all, this study cannot come to conclusion 
about the effect of operational OWFs on the 
occurrence of harbour porpoises in Belgian 
waters. This may be due to the method 
being not very suitable. Visual aerial surveys 
typically generate data in a low temporal 
and spatial resolution, but over a wide area, 
and are as such considered suitable to assess 
distribution and abundance patterns of highly 
mobile species. However, as operational 
OWFs generate relatively low underwater 
noise levels, and as underwater noise levels 
are also generated through other activities, it 
is likely that effects play at a smaller spatial 
scale than can be detected through aerial 
surveys (which remain useful for assessing 
activities potentially generating wider-
ranging effects, such as piling). Using passive 
acoustic monitoring with a sufficiently dense 
distribution of sensors within and outside 
OWFs, tagging animals or performing digital 
aerial surveys in a higher temporal and spatial 
resolution (Williamson et al. 2016; Collier 
et al. 2022) may be more suitable methods to 
reveal effects.

Despite the limitations of the analyses, 
the results presented in this study contribute 
valuable information to the discussions on the 
potential implications of current and future 
OWF development and other human activities 
at sea for the harbour porpoise wellbeing.

5. Conclusions
The aerial survey data collected between 2009 
and 2022 revealed a seasonal pattern in the 
presence of harbour porpoises in the survey 
area, with the highest densities recorded during 
late winter and spring. They also revealed a 
high temporal variability, with years with very 

high and years with much lower densities. The 
results of the analyses, although conducted on 
a small scale considering the high mobility of 
the species and its wide dispersal, still clearly 
showed that in spring harbour porpoises were 
most common in the northern and western 
part of the survey area, with especially in 
the northwestern part frequently very high 
densities. The study also suggests that 
shipping intensity was a factor negatively 
influencing densities on a local scale.

The density of harbour porpoises near 
operational wind turbines was relatively low. 
The background for this could have been 
natural, while it could also have been partly 
caused by the presence of wind turbines and 
the related activities in and near the wind farm. 
It was concluded that the use of aerial surveys, 
in the way they were conducted, is probably 
not the best method to reveal possible small-
scale changes in porpoise distribution due 
to the presence of offshore wind turbines. 
Changes in distribution outside and inside an 
OWF area may be hard to distinguish from 
larger scale spatio-temporal variability driven 
by larger scale environmental gradients.

The results of this study are useful for 
informing the management of current and 
future activities in Belgian waters, such as 
fisheries and renewable energy development, 
and provide a basis for appropriate measures 
needed in light of the ever-increasing human 
presence at sea.

Acknowledgements

The authors would like to thank the members 
of MUMM’s SURV team and the pilots 
of the Department of Defence for their 
assistance in the data collection. The surveys 
were undertaken in the framework of the 
monitoring of the environmental effects of the 
construction and operation of offshore wind 
farms in Belgian waters (WinMon.BE).



77

 Chapter 4. Seasonal distribution of harbour porpoises and response to operational OWFs in the BPNS

References
ASCOBANS 2009. Conservation Plan for Harbour Porpoises (Phocoena phocoena) in the North 

Sea. ASCOBANS MOP6/Doc.7-02 (AC).

Augustijns, T. 2018. Harbour Porpoises in the Belgian Part of the North Sea: Using Passive 
Acoustic Monitoring to Determine Spatio-temporal Patterns in Distribution and Feeding 
Behaviour. MSc Thesis. Faculty of Sciences, Biology Department, Research Group Marine 
Biology: Gent. 47 pp.

Avila, I.C., Kaschner, K. & Dormann, C.F. 2018. Current global risks to marine mammals: Taking 
stock of the threats. Biological Conservation 221: 44–58.

 https://doi.org/10.1016/j.biocon.2018.02.021

Bearzi, G., Piwetz, S. & Reeves, R.R. 2019. Odontocete adaptations to human impact and vice 
versa. Ethology and Behavioral Ecology of Marine Mammals 211–235.

 https://doi.org/10.1007/978-3-030-16663-2_10

Blew, J., Diederichs, A., Grünkorn, T., Hoffmann, M. & Nehls, G. 2006. Investigations of the Bird 
Collision Risk and the Responses of Harbour Porpoises in the Offshore Wind Farms at Horns 
Rev, North Sea and Nysted, Baltic Sea, in Denmark. Status report 2005 to the Environmental 
Group. Hamburg, BioConsult SH.

Bouveroux, T., Waggitt, J.J., Belhadjer, A., Cazenave, P.W., Evans, P.G.H. & Kiszka, J.J. 2020. 
Modelling fine-scale distribution and relative abundance of harbour porpoises in the Southern 
Bight of the North Sea using platform-of-opportunity data. Journal of the Marine Biological 
Association of the United Kingdom 100 (3): 1–9. https://doi.org/10.1017/s0025315420000326

Brandt, M., Dragon, A., Diederichs, A., Bellman, M.A., Wahl, V., Piper, W., Nabe-Nielsen, J., 
Nehls, G. 2018. Disturbance of harbour porpoises during construction of the first seven offshore 
wind farms in Germany. Marine Ecology Progress Series 596: 213–232.

 https://doi.org/10.3354/meps12560

Brownell, Jr, R.L., Reeves, R.R., Read, A.J., Smith, B.D. et al. 2019. Bycatch in gillnet fisheries 
threatens Critically Endangered small cetaceans and other aquatic megafauna. Endangered 
Species Research 40: 285–296. https://doi.org/10.3354/esr00994

Buckland, S.T., Anderson, D.R., Burnham, K.P., Laake, J.L., Borchers, D.L. & Thomas, L. 2001. 
Introduction to Distance Sampling: Estimating Abundance of Biological Populations. Oxford 
University Press, London.

Camphuysen, K.C.J. 2011. Recent trends and spatial patterns in nearshore sightings of harbour 
porpoises (Phocoena phocoena) in the Netherlands (Southern Bight, North Sea), 1990–2010. 
Lutra 54: 39–47.

Carstensen, J., Henriksen, O.D. & Teilmann, J. 2006. Impacts of offshore wind farm construction 
on harbour porpoises: acoustic monitoring of echolocation activity using porpoise detectors 
(T-PODs). Marine Ecology Progress Series 321: 295–308.

Collier, M.P., Middelveld, R.P., van Bemmelen. R.S.A., Weiß, F., Irwin, C.G. & Fijn, R.C. 2022. 
High-definition bird and marine mammal aerial survey image collection in Borssele: First-year 
report. Waardenburg Ecology Report 22-272. Waardenburg Ecology, Culemborg.

Council Directive 92/43/EEC of 21 May 1992 on the conservation of natural habitats and of wild 
fauna and flora, CONSIL, 206 OJ L (1992). http://data.europa.eu/eli/dir/1992/43/oj/eng

https://doi.org/10.1016/j.biocon.2018.02.021
https://doi.org/10.1007/978-3-030-16663-2_10
https://doi.org/10.1017/s0025315420000326
https://doi.org/10.3354/meps12560
https://doi.org/10.3354/esr00994
http://data.europa.eu/eli/dir/1992/43/oj/eng


78

Haelters, Paoletti, Vigin & Rumes

Dähne, M., Gilles, A., Lucke, K., Peschko, V., Adler, S., Krügel, K., Sundermeyer, J. & Siebert, 
U. 2013. Effects of pile-driving on harbour porpoises (Phocoena phocoena) at the first offshore 
wind farm in Germany. Environmental Research Letters 8 (2): e025002.

 https://doi.org/10.1088/1748-9326/8/2/025002

Dähne, M., Peschko, V., Gilles, A., Lucke, K., Adler, S., Ronnenberg, K. & Siebert, U. 2014. Marine 
mammals and windfarms: Effects of alpha ventus on harbour porpoises. Ecological Research at 
the Offshore Windfarm Alpha Ventus: 133–149. https://doi.org/10.1007/978-3-658-02462-8_13

Dähne, M., Tougaard, J., Carstensen, J., Rose, A. & Nabe-Nielsen, J. 2017. Bubble curtains 
attenuate noise from offshore wind farm construction and reduce temporary habitat loss for 
harbour porpoises. Marine Ecology Progress Series 580: 221–237.

 https://doi.org/10.3354/meps12257

Dénes, F.V., Silveira, L.F. & Beissinger, S.R. 2015. Estimating abundance of unmarked animal 
populations: accounting for imperfect detection and other sources of zero inflation. Methods in 
Ecology and Evolution 6 (5): 543–556. https://doi.org/10.1111/2041-210x.12333

Degraer, S., Brabant, R. & Vanaverbeke, J. (eds). 2023. EDEN 2000 – Exploring options for a 
nature-proof development of offshore wind farms inside a Natura 2000 area. Memoirs on the 
Marine Environment. Royal Belgian Institute of Natural Sciences, OD Natural Environment, 
Marine Ecology and Management, Brussels, 440 pp.

Degraer, S., Brabant, R., Rumes, B. & Vigin, L. (eds). 2021. Environmental impacts of offshore 
wind farms in the Belgian Part of the North Sea: Attraction, avoidance and habitat use at various 
spatial scales. Memoirs on the Marine Environment. Royal Belgian Institute of Natural Sciences, 
OD Natural Environment, Marine Ecology and Management, Brussels, 104 pp.

Degraer, S., Brabant, R., Rumes, B. & Vigin, L. (eds). 2022. Environmental impacts of offshore 
wind farms in the Belgian Part of the North Sea: Getting ready for offshore wind farm expansion 
in the North Sea. Memoirs on the Marine Environment. Royal Belgian Institute of Natural 
Sciences, OD Natural Environment, Marine Ecology and Management, Brussels, 106 pp.

Directive 2008/56/EC of the European Parliament and of the Council of 17 June 2008 establishing 
a framework for community action in the field of marine environmental policy (Marine Strategy 
Framework Directive) (Text with EEA relevance), EP, CONSIL, 164 OJ L (2008).

 http://data.europa.eu/eli/dir/2008/56/oj/eng

Geelhoed, S.C.V. & Scheidat, M. 2018. Abundance of harbour porpoises (Phocoena phocoena) on 
the Dutch Continental Shelf, aerial surveys 2012–2017. Lutra 61 (1): 127–136.

Geelhoed, S.C.V., Scheidat, M., van Bemmelen, R.S.A. & Aarts, G. 2013. Abundance of harbour 
porpoises (Phocoena phocoena) on the Dutch Continental Shelf, aerial surveys in July 2010–
March 2011. Lutra 56 (1): 45–57.

Gilles, A., Scheidat, M. & Siebert, U. 2009. Seasonal distribution of harbour porpoises and possible 
interference of offshore wind farms in the German North Sea. Marine Ecology Progress Series 
383: 295–307. https://doi.org/10.3354/meps08020

Gilles, A., Viquerat, S., Becker, E.A., Forney, K.A., Geelhoed, S.C.V., Haelters, J. Nabe-Nielsen, 
J., Scheidat, M., Siebert, U., Sveegaard, S., van Beest, F.M., van Bemmelen, R. & Aarts, G. 
2016. Seasonal habitat-based density models for a marine top predator, the harbour porpoise, in 
a dynamic environment. Ecosphere 7 (6): e01367. https://doi.org/10.1002/ecs2.1367

https://doi.org/10.1088/1748-9326/8/2/025002
https://doi.org/10.1007/978-3-658-02462-8_13
https://doi.org/10.3354/meps12257
https://doi.org/10.1111/2041-210x.12333
http://data.europa.eu/eli/dir/2008/56/oj/eng
https://doi.org/10.3354/meps08020
https://doi.org/10.1002/ecs2.1367


79

 Chapter 4. Seasonal distribution of harbour porpoises and response to operational OWFs in the BPNS

Gomez, C., Lawson, J.W., Wright, A.J., Buren, A.D., Tollit, D. & Lesage, V. 2016. A systematic 
review on the behavioural responses of wild marine mammals to noise: the disparity between 
science and policy. Canadian Journal of Zoology 94 (12): 801–819.

 https://doi.org/10.1139/cjz-2016-0098

Haelters, J., 2009. Monitoring of marine mammals in the framework of the construction and 
exploitation of offshore windfarms in Belgian marine waters. In: Degraer, S. & Brabant, R. 
(eds), Offshore Windfarms in the Belgian Part of the North Sea: State of the Art After Two Years 
of Environmental Monitoring: 237–266. Royal Belgian Institute of Natural Sciences, Brussels, 
Belgium.

Haelters, J., Kerckhof, F., Jacques, T.G. & Degraer, S. 2011. The harbour porpoise Phocoena 
phocoena in the Belgian part of the North Sea: trends in abundance and distribution. Belgian 
Journal of Zoology 141: 75–84.

Haelters, J., Kerckhof, F., Toussaint, E., Jauniaux, T. & Degraer, S. 2012. The Diet of Harbour 
Porpoises Bycaught or Washed Ashore in Belgium, and Relationship with Relevant Data from 
the Strandings Database. Royal Belgian Institute of Natural Sciences (RBINS/MUMM) and 
Federal Public Service for Health, Food Chain Safety and Environment (Marine Environment), 
Brussels, 45 p.

Haelters, J., Vigin, L. & Degraer, S. 2013. Attraction of harbour porpoises to offshore wind farms: 
what can be expected? In: Degraer, S., Brabant, R. & Rumes, B. (eds), Environmental Impacts of 
Offshore Wind Farms in the Belgian Part of the North Sea: Learning from the Past to Optimize 
Future Monitoring Programmes. Royal Belgian Institute of Natural Sciences, Operational 
Directorate Natural Environment, Marine Ecology and Management Section, 239 pp.

Haelters, J., Dulière, V., Vigin, L. & Degraer, S. 2014. Towards a numerical model to simulate the 
observed displacement of harbour porpoises Phocoena phocoena due to pile driving in Belgian 
waters. Hydrobiologia 756 (1): 105–116. https://doi.org/10.1007/s10750-014-2138-4

Haelters, J., Rumes, B., Vanaverbeke, J. & Degraer, S. 2016. Seasonal and interannual patterns in 
the presence of harbour porpoises (Phocoena phocoena) in Belgian waters from 2010 to 2015 
as derived from passive acoustic monitoring. In: Degraer, S., Brabant, R., Rumes, B. & Vigin, 
L. (eds), Environmental Impacts of Offshore Wind Farms in the Belgian Part of the North Sea: 
Environmental Impact Monitoring Reloaded. Royal Belgian Institute of Natural Sciences, OD 
Natural Environment, Marine Ecology and Management Section, 287 pp.

Hammond, P.S., Macleod, K., Berggren, P., Borchers, D.L., et al. 2013. Cetacean abundance 
and distribution in European Atlantic shelf waters to inform conservation and management. 
Biological Conservation 164: 107–122. https://doi.org/10.1016/j.biocon.2013.04.010

Hammond, P.S., Lacey, C., Gille, A., Viquerat, S., Börjesson, P., Macleod, K., Ridoux, V., Santos, 
M.B., Scheidat, M., Teilmann, J., et al. 2021. Estimates of Cetacean Abundance in European 
Atlantic Waters in Summer 2016 from the SCANS-III Aerial and Shipboard Surveys. Final Report 
2021, 42 pp.

Hawkins, E.R., Harcourt, R., Bejder, L., Brooks, L.O., Grech, A., Christiansen, F., Marsh, H., 
Harrison, P. L. 2017. Best practice framework and principles for monitoring the effect of coastal 
development on marine mammals. Frontiers in Marine Science 4: e00059.

 https://doi.org/10.3389/fmars.2017.00059

https://doi.org/10.1139/cjz-2016-0098
https://doi.org/10.1007/s10750-014-2138-4
https://doi.org/10.1016/j.biocon.2013.04.010
https://doi.org/10.3389/fmars.2017.00059


80

Houziaux J.-S., Kerckhof, F., Degrendele, K., Roche, M. & Norro, A. 2008. The Hinder Banks: yet 
an Important Region for Belgian Marine Biodiversity? Final report HINDERS. Belgian Science 
Policy Office, 249 pp.

IAMMWG 2015. The Use of Harbour Porpoise Sightings Data to Inform the Development of 
Special Areas of Conservation in UK Waters. JNCC Report No. 565, JNCC Peterborough.

IJsseldijk, L.L. 2021. Living on a Knife-edge. Unravelling Harbour Porpoise Health through 
Multidisciplinary and Cross-border Approaches. PhD Thesis, Utrecht University.

IJsseldijk, L.L., ten Doeschate, M., Brownlow, A., Davison, N., Deaville, R., Galatius, A., Gilles, 
A., Haelters, J., Jepson, P., Keijl, G., Kinze, K., Olsen, M.T., Siebert, U., Thøstesen, C., van den 
Broek, J., Gröne, A. & Heesterbeek, H. 2020. Spatiotemporal mortality and demographic trends 
in a small cetacean: Strandings to inform conservation management. Biological Conservation 
249: e108733. https://doi.org/10.1016/j.biocon.2020.108733

Kastelein, R.A., Hardeman, J. & Boer, H. 1997. Food consumption and body weight of harbour 
porpoises (Phocoena phocoena). In: Read, A.J., Wiepkema, P.R. & Nachtigall, P.E. (eds), The 
Biology of the Harbour Porpoise: 217–233. De Spil Publishers, Woerden, The Netherlands.

Lambert, C., Pettex, E., Dorémus, G., Laran, S., Stéphan, E., Van Canneyt, O. & Ridoux, V. 2016. 
How does ocean seasonality drive habitat preferences of highly mobile top predators? Part II: 
the eastern North-Atlantic. Deep-Sea Research Part II 141: 133–154.

 https://doi.org/10.1016/j.dsr2.2016.06.011

Lucke, K., Lepper, P.A., Blanchet, M-A. & Siebert, U. 2011. The use of an air bubble curtain to 
reduce the received sound levels for harbor porpoises (Phocoena phocoena). The Journal of the 
Acoustical Society of America 130 (5): 3406–3412. https://doi.org/10.1121/1.3626123

Marine Spatial Planning 2020–2026. Something is Moving at Sea.

Minton, G., Folegot, T., Cosandey-Godin, A., Jacob, T., Lancaster, M. & Ushio, M. 2021. Shipping 
and Cetaceans: A Review of Impacts and Mitigation Options for Policy Makers and Other 
Stakeholders. WWF Report. 72 pages.

Montereale-Gavazzi G., Degraer, S. & Van Lancker, V. 2023. Predictive modelling of seafloor 
surficial gravel distribution within a new wind farm concession area: Belgian part of the North 
Sea. In: Degraer, S., Brabant, R. & Vanaverbeke, J. (eds), EDEN 2000 – Exploring Options for 
a Nature-proof Development of Offshore Wind Farms inside a Natura 2000 Area. Memoirs on 
the Marine Environment. Royal Belgian Institute of Natural Sciences, OD Natural Environment, 
Marine Ecology and Management, Brussels, 440 pp.

Nachtsheim, D.A., Viquerat, S., Ramírez-Martínez, N.C., Unger, B., Siebert, U., Gilles, A. 2021. 
Small cetacean in a human high-use area: Trends in harbor porpoise abundance in the North Sea 
over two decades. Frontiers in Marine Sciences 7: e606609.

 https://doi.org/10.3389/fmars.2020.606609

OSPAR, 2023. OSPAR Quality Status Report 2023. OSPAR Commission.

Pecceu, E., Hostens, K. & Maes, F. 2016. Governance analysis of MPAs in the Belgian part of the 
North Sea. Marine Policy 71: 265–274. https://doi.org/10.1016/j.marpol.2015.12.017

Pecceu, E., Paoletti, S., Van Hoey, G., Vanelslander, B., Verlé, K., Degraer, S., Van Lancker, 
V., Hostens, K. & Polet, H. 2021. Scientific Background Report in Preparation of Fisheries 
Measures to Protect the Bottom Integrity and the Different Habitats within the Belgian Part of 

Haelters, Paoletti, Vigin & Rumes

https://doi.org/10.1016/j.biocon.2020.108733
https://doi.org/10.1016/j.dsr2.2016.06.011
https://doi.org/10.1121/1.3626123
https://doi.org/10.3389/fmars.2020.606609
https://doi.org/10.1016/j.marpol.2015.12.017


81

 Chapter 4. Seasonal distribution of harbour porpoises and response to operational OWFs in the BPNS

the North Sea. Report in preparation for the Federal Public Service Health, Food Chain Safety 
and Environment.

Peschko, V., Ronnenberg, K., Siebert, U. & Gilles, A. 2016. Trends of harbour porpoise (Phocoena 
phocoena) density in the southern North Sea. Ecological Indicators 60: 174–183.

 https://doi.org/10.1016/j.ecolind.2015.06.030

Pirotta, V., Grech, A., Jonsen, I.D., Laurance, W.F. & Harcourt, R.G. 2018. Consequences of global 
shipping traffic for marine giants. Frontiers in Ecology and the Environment.

 https://doi.org/10.1002/fee.1987

Putland, R.L., de Jong, C.A.F., Binnerts, B., Farcas, A., Merchant, N.D. 2022. Multi-site validation 
of shipping noise maps using field measurements. Marine Pollution Bulletin 179: e113733. 
https://doi.org/10.1016/j.marpolbul.2022.113733

Ransijn, J.M., Booth, C. & Smout, S.C. 2019. A Calorific Map of Harbour Porpoise Prey in the 
North Sea. JNCC Report No. 633. JNCC, Peterborough, ISSN 0963 8091.

RStudio Team 2020. RStudio: Integrated Development for R. RStudio, PBC, Boston.

Rumes, B. & Degraer, S. 2020. Fit for porpoise? Assessing the effectiveness of underwater sound 
mitigation measures. In: Degraer, S., Brabant, R., Rumes, B. & Vigin, L. (eds), Environmental 
Impacts of Offshore Wind Farms in the Belgian Part of the North Sea: Empirical Evidence 
Inspiring Priority Monitoring, Research and Management. Memoirs on the Marine Environment. 
Royal Belgian Institute of Natural Sciences, OD Natural Environment, Marine Ecology and 
Management, Brussels, 131 p

Rumes, B. & Zupan, M. 2021. Effects of the use of noise-mitigation during offshore pile drive 
on harbour porpoise (Phocoena phocoena). In: Degraer, S., Brabant, R., Rumes, B. & Vigin, 
L. (eds), Environmental Impacts of Offshore Wind Farms in the Belgian Part of the North 
Sea: Attraction, avoidance and habitat use at various spatial scales. Memoirs on the Marine 
Environment. Royal Belgian Institute of Natural Sciences, OD Natural Environment, Marine 
Ecology and Management, Brussels, 104 pp.

Rumes, B., Brabant, R. & Vigin, L. 2022. Offshore renewable energy in the Belgian Part of the 
North Sea. In: Degraer, S., Brabant, R., Rumes, B. & Vigin, L. (eds), Environmental Impacts 
of Offshore Wind Farms in the Belgian Part of the North Sea: Getting ready for offshore wind 
farm expansion in the North Sea. Memoirs on the Marine Environment. Royal Belgian Institute 
of Natural Sciences, OD Natural Environment, Marine Ecology and Management, Brussels, 106 
pp.

Schallier, R. & Van Roy, W. 2014. Oil pollution in and around the waters of Belgium. Oil Pollution 
in the North Sea 93–115. https://doi.org/10.1007/698_2014_330

Scheidat, M., Aarts, G., Bakker, A., Brasseur, S., Carstensen, J., van Leeuwen, P.W., Leopold, M., 
van Polanen Petel, T., Reijnders, P., Teilmann, J., Tougaard, J., Verdaat, H. 2009. Assessment 
of the Effects of the Offshore Wind Farm Egmond aan Zee (OWEZ) for Harbour Porpoise 
(comparison T0 and T1). Final Report, pp. 45. 

Scheidat, M., Tougaard, J., Brasseur, S., Carstensen, J., van Polanen Petel, T., Teilmann, J. & 
Reijnders, P. 2011. Harbour porpoises (Phocoena phocoena) and wind farms: a case study in the 
Dutch North Sea. Environmental Research Letters 6 (2): e025102.

 https://doi.org/10.1088/1748-9326/6/2/025102

https://doi.org/10.1016/j.ecolind.2015.06.030
https://doi.org/10.1002/fee.1987
https://doi.org/10.1016/j.marpolbul.2022.113733
https://doi.org/10.1007/698_2014_330
https://doi.org/10.1088/1748-9326/6/2/025102


82

Haelters, Paoletti, Vigin & Rumes

Scheidat, M., Verdaat, H. & Aarts, G. 2012. Using aerial surveys to estimate density and distribution 
of harbour porpoises in Dutch waters. Journal of Sea Research 69: 1–7.

 https://doi.org/10.1016/j.seares.2011.12.004

Schoeman, R.P., Patterson-Abrolat, C. & Plön, S. 2020. A Global Review of Vessel Collisions With 
Marine Animals. Frontiers in Marine Science 7: e292. https://doi.org/10.3389/fmars.2020.00292

Skov, H. & Thomsen, F. 2008. Resolving fine-scale spatio-temporal dynamics in the harbour 
porpoise Phocoena phocoena. Marine Ecology Progress Series 373: 173–186.

 https://doi.org/10.3354/meps07666

Teilmann, J. & Carstensen, J. 2012. Negative long term effects on harbour porpoises from a large 
scale offshore wind farm in the Baltic—evidence of slow recovery. Environmental Research 
Letters 7 (4): e045101. https://doi.org/10.1088/1748-9326/7/4/045101

Thomas, L., Buckland, S.T., Rexstad, E.A., Laake, J.L., Strindberg, S., Hedley, S.L., Bishop, 
J.R.B., Marques T.A. & Burnham, K.P. 2010. Distance software: design and analysis of distance 
sampling surveys for estimating population size. Journal of Applied Ecology 47: 5–14.

 https://doi.org/10.1111/j.1365-2664.2009.01737.x

Thompson, P.M., Brookes, K.L., Graham, I.M., Barton, T.R., Needham, K., Bradbury, G. & 
Merchant, N.D. 2013. Short-term disturbance by a commercial two-dimensional seismic survey 
does not lead to long-term displacement of harbour porpoises. Proceedings of the Royal Society 
B: Biological Sciences 280 (1771): e20132001. https://doi.org/10.1098/rspb.2013.2001

Tougaard, J., Carstensen, J., Teilmann, J. & Bech, N.I. 2005. Effects of the Nysted Offshore Wind 
Farm on Harbour Porpoises. Technical report to Energi E2 A/S. Roskilde, Denmark, NERI. 

Tougaard, J., Carstensen, J., Bech, N.I. & Teilmann, J. 2006a. Final Report on the Effect of Nysted 
Offshore Wind Farm on Harbour Porpoises. Annual report to Energi E2 A/S. Roskilde, Denmark, 
NERI.

Tougaard, J., Carstensen, J., Wisz, M.S., Jespersen, M., Teilmann, J. & Bech, N.I. 2006b. Harbour 
Porpoises on Horns Reef Effects of the Horns Reef Wind Farm. Final report to Vattenfall A/S. 
Roskilde, Denmark, NERI.

Vallejo, G.C., Grellier, K., Nelson, E.J., McGregor, R.M., Canning, S.J., Caryl, F.M. & McLean, N. 
2017. Responses of two marine top predators to an offshore wind farm. Ecology and Evolution 
7 (21): 8698–8708. https://doi.org/10.1002/ece3.3389

Van Nieuwenhove, A., Van Roozendael, B., Scheldeman, K., Merveille, J.-B., Haelters, J., Van 
Roy, W. & Schallier, R. 2023. 30 Years of Belgian North Sea Aerial Surveillance – Evolution, 
Trends, and Developments. Royal Belgian Institute of Natural Sciences, Operational Directorate 
Natural Environment, Brussels, 120 pp.

van Polanen Petel, T., Geelhoed, S. & Meesters, E. 2012. Harbour Porpoise Occurrence in Relation 
to the Prinses Amaliawindpark. IMARES Wageningen UR. Report Number 177/10.

Verfuss, U.K., Sparling, C.E., Arnot, C., Judd, A. & Coyle, M. 2016. Review of offshore wind farm 
impact monitoring and mitigation with regard to marine mammals. Advances in Experimental 
Medicine and Biology: 1175–1182. https://doi.org/10.1007/978-1-4939-2981-8_147

Waggit, J., Evans, P.G.H., Andrade, J., Banks, A., et al. 2019. Distribution maps of cetacean and 
seabird populations in the North-East Atlantic. Journal of Applied Ecology 57 (2): 253–269.

 https://doi.org/10.1111/1365-2664.13525

https://doi.org/10.1016/j.seares.2011.12.004
https://doi.org/10.3389/fmars.2020.00292
https://doi.org/10.3354/meps07666
https://doi.org/10.1088/1748-9326/7/4/045101
https://doi.org/10.1111/j.1365-2664.2009.01737.x
https://doi.org/10.1098/rspb.2013.2001
https://doi.org/10.1002/ece3.3389
https://doi.org/10.1007/978-1-4939-2981-8_147
https://doi.org/10.1111/1365-2664.13525


83

 Chapter 4. Seasonal distribution of harbour porpoises and response to operational OWFs in the BPNS

Williamson, L.D., Brookes, K.L., Scott, B.E., Graham, I.M., Bradbury, G., Hammond, P.S. & 
Thompson, P.M. 2016. Echolocation detections and digital video surveys provide reliable 
estimates of the relative density of harbour porpoises. Methods in Ecology and Evolution 7 (7): 
762–769. https://doi.org/10.1111/2041-210x.12538

Wisniewska, D.M., Johnson, M., Teilmann, J., Siebert, U., Galatius, A., Dietz, R. & Madsen, 
P.T. 2018. High rates of vessel noise disrupt foraging in wild harbour porpoises (Phocoena 
phocoena). Proceedings of the Royal Society B: Biological Sciences 285 (1872): e20172314. 
https://doi.org/10.1098/rspb.2017.2314

Xu, W., Liu, Y., Wu, W., Dong, Y., Lu, W., Liu, Y., Zhao, B., Li, H., Yang, R. 2020. Proliferation of 
offshore wind farms in the North Sea and surrounding waters revealed by satellite image time 
series. Renewable and Sustainable Energy Reviews 133: e110167.

 https://doi.org/10.1016/j.rser.2020.110167

Yang, S., Harlow, L.I., Puggioni, G. & Redding, C.A. 2017. A comparison of different methods 
of zero-inflated data analysis and an application in health surveys. Journal of Modern Applied 
Statistical Methods 16 (1): 518–543. https://doi.org/10.22237/jmasm/1493598600

Zipkin, E.F., Leirness, J.B., Kinlan, B.P., O’Connell, A.F. & Silverman, E.D. 2014. Fitting statistical 
distributions to sea duck count data: Implications for survey design and abundance estimation. 
Statistical Methodology 17: 67–81. https://doi.org/10.1016/j.stamet.2012.10.002

Zuur, A.F., Ieno, E.N., Walker, N., Saveliev, A.A. & Smith, G.M. 2009. Mixed Effects Models and 
Extensions in Ecology with R. Statistics for Biology and Health.

 https://doi.org/10.1007/978-0-387-87458-6

Zuur, A.F., Ieno, E.N. & Elphick, C.S. 2010. A protocol for data exploration to avoid common 
statistical problems. Methods in Ecology and Evolution 1 (1): 3–14.

 https://doi.org/10.1111/j.2041-210x.2009.00001.x

https://doi.org/10.1111/2041-210x.12538
https://doi.org/10.1098/rspb.2017.2314
https://doi.org/10.1016/j.rser.2020.110167
https://doi.org/10.22237/jmasm/1493598600
https://doi.org/10.1016/j.stamet.2012.10.002
https://doi.org/10.1007/978-0-387-87458-6
https://doi.org/10.1111/j.2041-210x.2009.00001.x

