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An area in the central North Sea was surveyed in November 2011 in order to estimate the abundance and density of harbour
porpoises (Phocoena phocoena). A total of 2833 km of pre-determined trackline were acoustically surveyed, of which 28%
included visual effort. The poor sighting conditions during the survey limited visual effort and demonstrated the advantage
of using acoustic techniques for studying harbour porpoise in winter months. Absolute abundance and density estimates were
calculated from acoustic encounter rates using estimates of probability of detection and mean group size. The density of
harbour porpoises in the west of the survey area was almost double that in the east, with UK waters to the south-west of
the Dogger Bank having the highest density of the area surveyed. The overall acoustic encounter rate was higher than
most other surveys in the North Sea. The mean density across the survey area of 0.63 (95% CI 0.27–1.52) individuals
km22 and distribution of porpoises was similar to that documented in the summer suggesting that high abundance of
harbour porpoises in the west of the North Sea is not confined to summer months. This information is particularly relevant
given plans for the construction of a large offshore wind farm on the UK section of the Dogger Bank; the resulting impacts,
including acoustic disturbance from pile driving, will potentially affect substantial numbers of harbour porpoises.
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I N T R O D U C T I O N

The harbour porpoise (Phocoena phocoena Linnaeus, 1758) is
protected in EU waters by both national legislation and inter-
national agreements including the EU Habitat’s Directive and
the Agreement on the Conservation of Small Cetaceans of the
Baltic and North Seas (ASCOBANS). Within the North Sea
and surrounding waters, harbour porpoises are known to be
affected by several anthropogenic activities, most notably sub-
stantial incidental mortality in fishing operations (Vinther &
Larsen, 2004; Haelters et al., 2011) and habitat displacement
from wind farm construction (Carstensen et al., 2006;
Dähne et al., 2013). Over the last few decades a southerly
shift in the range of harbour porpoises in the North Sea has
been documented through stranding data (Haelters et al.,
2011), the SCANS surveys conducted in 1994 (Hammond
et al., 2002) and 2005 (Hammond et al., 2013) and observa-
tions from shore-based watches (Camphuysen, 2004), indicat-
ing a return of porpoises to the Dutch and Belgian coasts
(Thomsen et al., 2006; Haelters et al., 2011). Until recently,
visual surveys, either boat based or aerial, were the only
viable method for obtaining abundance estimates. The lack
of effective acoustic methodologies and information on
animal vocalization rates meant that determining distances
to trackline and encounter rates of animals from acoustic

detections was difficult. Without these key parameters, the
use of distance sampling techniques to estimate abundance
and density from acoustic data was not possible. As such,
due to the limitations of weather and light on visual method-
ologies, the majority of population data collected to date has
been during summer months. Therefore surveys to further
elucidate porpoise distribution throughout the year in the
North Sea are a priority.

Passive acoustic monitoring has been shown to be an
effective survey tool for harbour porpoises (Hammond
et al., 2002; Gillespie et al., 2005; Hastie et al., 2005;
Boisseau et al., 2007). Harbour porpoises echolocate frequent-
ly while underwater (Verfub et al., 2005; Akamatsu et al.,
2007; Linnenschmidt et al., 2013) producing high-frequency,
narrow band clicks with frequencies ranging from 115 to
180 kHz and maximum apparent source levels (ASL) reported
between 178–205 dB peak to peak re 1 mPa @ 1 m with a
mean of 191 dB pp re 1 mPa @ 1 m (Villadsgaard et al.,
2007). Acoustic surveys allow for detection at night, during
poor weather and sighting conditions with acoustic detection
rates around eight times higher than visual detection rates
(Gillespie et al., 2005). Thus, acoustic survey techniques are
well suited to those regions or periods where elevated sea
states are likely to limit visual survey effort.

The Dogger Bank is an area of relatively shallow water situ-
ated in the southern central North Sea which exhibits year-
round phytoplankton production (Nielsen et al., 1993) and
represents an important area for harbour porpoises
(Hammond et al., 2013) and some of their primary prey
species including sandeel (Ammodytes marinus), whiting
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(Merlangius merlangus) and gobies (Pomatoschistus spp.)
(MacLeod et al., 2007; Cefas, 2007). The bank is situated in
the Exclusive Economic Zones of the UK, the Netherlands,
Germany and Denmark and is a protected area for harbour
porpoises in the Netherlands (designated as a proposed Site
of Conservation Interest; pSCI) and Germany (designated as
Special Area of Conservation; SAC). The bank is the largest
single continuous expanse of shallow sandbank in UK
waters (JNCC, 2011) and is a Special Area of Conservation
(SAC) under the EC Habitats Directive (Natura 2000) and
part of the OSPAR network of Marine Protected Areas in
the North-East Atlantic Ocean; however, harbour porpoises
are not listed as qualifying features of any of these UK desig-
nations. Harbour porpoises have been found to be distributed
within the waters of the bank itself and on the slopes of the
Dogger Bank in summer (Hammond et al., 2002, 2013;
Gilles et al., 2012; Geelhoed et al., 2014).

Several offshore wind farm developments are planned on
the Dogger Bank and in adjacent waters; including the
Hornsea Extension and the Dogger Bank Wind Farm, which
will be one of the largest offshore wind farms constructed.
Two of the ‘tranches’ or zones of the planned wind farm
will overlap directly with the UK Dogger Bank Special Area
of Conservation (Forewind, 2013), and at its maximum
extent once completed, the proposed development will cover
areas which have been shown to have the highest abundance
of harbour porpoises in the North Sea in summer
(Hammond et al., 2013). Noise from the construction of off-
shore wind farms has been demonstrated to change harbour
porpoise distribution, with strong avoidance responses
observed at distances of more than 17 km from piling events
(Tougaard et al., 2009; Brandt et al., 2011; Dähne et al.,
2013). It is very likely that an extensive and prolonged devel-
opment such as that planned on Dogger Bank will have sig-
nificant impacts on the local population of porpoises over a
period of several generations.

The aim of this survey was to provide data on the distribu-
tion of harbour porpoises in the central North Sea in winter, as
there is very limited information on porpoise presence and
density at this time of year. Recent developments in acoustic
survey methodologies, coupled with increased understanding
of harbour porpoise vocalization rates, has created the oppor-
tunity for acoustic methodologies to estimate population statis-
tics during times of year and in conditions which have been,
until this point, difficult to survey visually. Survey effort was
concentrated on the Dogger Bank region in particular due to
the upcoming windfarm and protected area developments pro-
posed for this region. In addition, results from other surveys
(both unpublished and published) were gathered and presented
in order to provide some context and comparison with the
results from this study. Several of these surveys were conducted
from the same research vessel, RV ‘Song of the Whale’, with
similar equipment and analysis techniques and as such were
directly comparable; in addition, data collected with similar
equipment and analysis techniques are also presented.

M A T E R I A L S A N D M E T H O D S

Data collection
Visual and acoustic data were collected between 7 and 24
November 2011 from RV ‘Song of the Whale’, a 21 m

auxiliary-powered cutter-rigged sailing research vessel. The
Dogger Bank and surrounding waters were sub-divided into
three survey blocks. Block 1, which included the bank itself
and adjacent waters (including UK, Dutch, German and
Danish portions of the Bank), was sub-divided into two equal-
sized stratas (A and B) to allow favourable transect design
based on prevailing wind directions (Figure 1A). Blocks 2
and 3 were smaller blocks positioned to the west and south;
Block 2 covers only the UK SAC section of the Dogger Bank
and Block 3 includes the waters further to the south,
towards the north Norfolk coast (called the ‘south-west’
block for the purposes of this study) surveyed in higher reso-
lution than Block 1 (Figure 1B). Using the programme
Distance 6.0 (Thomas et al., 2009), randomly generated
adjusted angle zig-zig tracklines were planned to provide
equal coverage probability within a block. Within each small
block (blocks 2 and 3) this amounted to around 600 km of
trackline and �2400 km in the larger block 1 (Figure 1).
The design axes were selected in part using the prevailing
wind direction to allow for optimal sailing conditions.

The acoustic survey was conducted using a 200 m towed
two-element broadband hydrophone array (SEICHE Ltd).
Continuous stereo recordings with a 500 kHz sample rate
were made via a SEICHE buffer box passing signals to a
National Instruments USB-6251 sound card. The buffers

Fig. 1. Survey tracklines designed using DISTANCE: (A) Block 1 (the main
‘central North Sea’ survey block) including strata A & strata B, with the
dotted outline of Blocks 2 and 3, and (B) Block 2 (the UK Dogger Bank
Special Area of Conservation) and Block 3 (an area south of the Dogger
Bank called the ‘south-west’ for the purposes of this paper) with Block 1
shown as a dotted line. The grey outline represents the British, Dutch and
German sectors of the bank.
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gave a flat frequency response within the bandwidth of interest
for harbour porpoise clicks (115–180 kHz; Villadsgaard et al.,
2007). Recordings were made using Pamguard (Gillespie et al.,
2009) and written to hard drive as two-channel 16 bit wav
files. The acoustic survey ran for 24 h/day in sea conditions
up to sea state 6.

Visual observer effort followed distance sampling proto-
cols; in daylight hours and in sea states below four, two
visual observers were positioned on an A-frame sightings plat-
form with eye heights of �5.5 m above sea level to record any
cetacean sightings; observers were not prompted by acoustic
cues and/or deck observers. Observers scanned out to 90
degrees either side of the trackline, and from close to the
vessel out to the horizon with the naked eye, using binoculars
only for species confirmation. The team of experienced obser-
vers estimated distances by eye and relative angles (using an
angle board) to sightings were recorded to a database via the
Logger 2000 software (IFAW, 2010) by a dedicated person
acting as data logger. Environmental and GPS data were
logged automatically to the same database, including date,
vessel position (latitude and longitude), sea surface tempera-
ture (8C) and wind speed (knots). Manual updates of other
environmental variables (such as sea state, wave and swell
height) and survey effort (numbers of observers at which posi-
tions) were made hourly to the database, or whenever condi-
tions changed.

Data analysis

acoustic analysis

Detailed analyses for potential porpoise clicks were conducted
by post-processing the recorded audio files. Typical harbour
porpoise clicks are distinctive high frequency, narrowband
signals with a relatively long duration (100 ms), a peak fre-
quency between 125 and 150 kHz, an inter-click interval of
around 60 ms and a maximum source level of 172 dB pp re
1 mPa @ 1 m (Møhl & Andersen, 1973; Akamatsu et al.,
1994; Teilmann et al., 2002). It is therefore possible to distin-
guish and extract potential harbour porpoise clicks from back-
ground noise using click detection algorithms such as the click
detector module in Pamguard. During analysis, clicks were
classified as harbour porpoise clicks if they met all of the fol-
lowing criteria: the click had a peak frequency between 100
and 160 kHz, the energy of the click in the frequency band
100–160 kHz was at least 5 dB above the background noise
levels, the duration of the waveform envelope was less than
2 ms and the click had a waveform resembling that of pub-
lished data for harbour porpoises (for example see
Villadsgaard et al., 2007), with a relatively narrowband struc-
ture revealed in a Wigner plot (a quadratic time-frequency
representation used to analyse the time-frequency structure
of broadband cetacean clicks; Papandreou-Suppappola &
Antonelli, 2001). When clicks were automatically identified,
they were displayed visually with their bearing, waveform, fre-
quency spectrum and Wigner plot in a Pamguard Viewer
program window. Each click was then manually checked by
an analyst to remove any false detections and to separate
the clicks into independent acoustic events. A second
analyst confirmed these events.

Acoustic events were assessed using the same classification
criteria developed for the SCANS-II analysis to allow for com-
parison between results. Clicks were classified as single clicks

(one or two individual clicks), a porpoise event (a train of por-
poise clicks with no clear or defined bearing trail from a single
animal), a single train (a train of porpoise clicks with a clear
and defined bearing trail from a single animal) or a multiple
train (one or more trains of porpoise clicks with a clear
defined track from multiple animals). Although all porpoise-
like events were noted, subsequent analysis was carried out
only on click trains with more than seven clicks to allow com-
parison with other studies (for example Gillespie et al., 2005;
Boisseau et al., 2007). Additionally, only click trains which
were detected while ‘on-track’ were utilized in the analysis.
The vessel was considered to be ‘off-track’ if the survey
speed was less than 5 or greater than 8 knots, or when the
vessel deviated by more than one nautical mile from the
planned transect line.

The acoustic encounter rate was calculated for the three
blocks along with their standard errors using equation (1).
The variance in the number of detections of groups of
harbour porpoise n were calculated using transects as sampling
units for the survey area (Buckland et al., 2001: 78–80). The
variance in the number of detections for each block was calcu-
lated as follows:

vâr(n) = L
∑k

i=1

li
ni

li
− n

L

( )2

/(k − 1) (1)

where i is the transect number from 1 to k, li is the length of
transect i and L is the sum of all transect lengths. Variance of
the encounter rate per 100 km was calculated by dividing
vâr(n) by L2 and multiplying by 100.

distance sampling analysis

Single click trains were consolidated as multiple trains if the
click trains overlapped in time or if they occurred within
115 s of each other; this is the time it takes for the survey
vessel to advance more than 300 m when travelling at the
average survey speed of 6.3 knots. GPS positions were
derived for each detection by comparing the exact timing of
the start of the click train to the Logger GPS database.

For Conventional Distance Sampling (CDS) analysis only
click trains with more than seven clicks were utilized in
order to allow direct comparison with previous surveys.
Bearings to vocalizing porpoises were measured from the
time of arrival difference at the two hydrophone elements.
Perpendicular distances were estimated from a sequence of
observed bearings as the vessel passed, assuming that the
animal was stationary using the target motion analysis algo-
rithm in Pamguard 1.11.02. Estimates of perpendicular dis-
tances of greater than 1000 m were assumed to be errors
and were not included in the abundance and density estima-
tion. Such errors can arise due to the motion of the animal
or from errors in bearings. In addition, 5% of the largest per-
pendicular distances were truncated (as recommended in
Buckland et al., 1993) for each area. As the three blocks
were designed separately, with different levels of survey cover-
age, separate detection functions were estimated for each
block. Within Block 1, a single detection function based on
all data was used for abundance and density estimates for
Block 1 as a whole, in addition to the two strata areas A and B.

Density and abundance estimates were calculated using
Distance 6.0. Each separate acoustic detection was considered
as a unique encounter with a group of harbour porpoises.
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Probability of detection was modelled using Conventional
Distance Sampling (CDS) and Multiple-Covariate Distance
Sampling analysis engines (with water depth as a covariate).
The detection function model with the best fit to the data
was selected based on the lowest Akaike’s Information
Criterion (AIC). Abundance and density estimates were sub-
sequently corrected for probability of detection on the track-
line, g(0), and group size (see below).

Even though harbour porpoises echolocate frequently
(Verfub et al., 2005; Akamatsu et al., 2007; Linnenschmidt
et al., 2013), their clicks are highly directional and conse-
quently not all vocalizing animals will be detected, even at
close ranges. Therefore it cannot be assumed that the prob-
ability of detection for an animal directly on the trackline,
g(0), is 1. One approach for estimating g(0) is to use the
visual and acoustic data as independent observations
(Richman et al., 2014). This approach has been used for
similar survey data for harbour porpoises (SMart Wind,
2013: Appendix D, pp. 90–94). To estimate g(0) for acoustic
detections, sightings of one or more porpoises were consid-
ered as trials for the acoustic detection system. If a porpoise
was detected acoustically within 60 s of the time it was pre-
dicted to come abeam of the hydrophone based on the esti-
mated location of the sighting then the trial was considered
a ‘success’. Otherwise it was considered a ‘failure’.

Each of the acoustic detections used in this analysis repre-
sent a group of porpoises. In order to calculate abundance and
density estimates of individuals the results needed to be multi-
plied by an average group size correction factor. The group
size correction factor was calculated as the mean group size
of harbour porpoises detected visually during this survey.

The variance associated with the estimate of g(0) was calcu-
lated from the variance of a binomial distribution based on the
number of trials and number of successes. The variance of the
density estimate was calculated using the delta method
(Buckland et al., 1993) for combining the different compo-
nents that contribute to the overall variance. Equation (2)
includes the variance of n from equation (1), the variance in
effective strip width (the f(0) term in equation (2)) from pro-
gramme Distance, the variance of mean school size E(s) and
the variance of detection probability for an animal directly
on the trackline (g(0)).

v̂ar(D̂) = D̂
2 v̂ar(n)

n2
+

v̂ar f̂ (0)
[ ]

f̂ (0)
[ ]2

⎧⎪⎨
⎪⎩ +

v̂ar Ê(s)
[ ]

Ê(s)
[ ]2 +

v̂ar ĝ(0)
[ ]

ĝ(0)
[ ]2

⎫⎪⎬
⎪⎭

(2)

Equation (2) will underestimate the variance because it does
not include any uncertainty in duplicate identification, dupli-
cate strip width, or measurement error. However, estimating
the variance associated with errors in duplicate identification
and duplicate strip width requires relatively large sample sizes.
It was also not possible to estimate measurement error for per-
pendicular distances derived from acoustic data in this study.

CDS and MRDS provide estimates of abundance within
survey blocks but do not provide any information on density
at a finer spatial resolution. To provide this finer resolution
information, density surface modelling was undertaken for
the large ‘central North Sea’ survey block (Block 1) using
Distance 6.0 and R (R Development Core Team, 2014). In
order to create a density surface model the data were reanalysed

using the Mark Recapture Distance Sampling (MRDS) analysis
engine before using the Density Surface Modelling analysis
engine. The model selected for Block 1’s abundance and
density estimation was used in this analysis. For DSM analysis
the effort data need to be divided into segments, and thus trans-
ects were separated into 1 km segments (� twice the maximum
detection distance), and a prediction grid using 5 km spacing
was created. The density of animals in each grid cell was then
modelled using a Generalized Additive Model (GAM) with
explanatory variables provided by the environmental covariates
latitude, longitude and depth (averaged over each 5 km
grid cell).

R E S U L T S

The total effort for the survey was 4187 km which included
2980 km ‘on track’ with at least acoustic effort, 653 km of
which included visual effort (Figure 2 and Table 1). There
were 13 sightings of harbour porpoises, nine of which were
observed during periods with dedicated visual effort. The
mean group size was 1.6 (SD 1.3) individuals and ranged
from one to six animals. As expected at this time of year the
sighting conditions were not ideal; the mode sea state for
the survey was 3 (21% of on-track daylight hours had a sea
state of 2, 43% a sea state of 3, 29% a sea state of 4 and 8%
a sea state of 5) and 15% of the on-track daylight hours had
fog, haze, mist or drizzle limiting sighting conditions.

The peak frequency of the harbour porpoise clicks
recorded during this survey was relatively high ranging
between 130 and 140 kHz, with duration of �0.15 ms
(Figure 3). There were 769 detections of harbour porpoises
in the acoustic data including single clicks, events and click
trains (208 of which were off-track during passages and
between blocks). Of the on-track detections, 373 had more
than seven clicks in the train and were used in subsequent
analysis. The survey of Block 3, ‘south-west’, had the highest
encounter rate of the three survey blocks (17.8/100 km). In
Block 1, the ‘central North Sea’ survey area, the west of the
North Sea (strata A) had a much higher encounter rate
(15.1/100 km) than the east (strata B) (8.8/100 km), with
almost double the number of porpoises detected (Table 2).
Block 2, the ‘UK Dogger Bank SAC’, had the lowest encounter
rate of the surveyed areas (8.1/100 km).

Fig. 2. The survey tracks completed by R/V ‘Song of the Whale’ in November
2011. Dotted lines represent transects with only acoustic effort while solid lines
represent transects with simultaneous acoustic and visual effort.
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The acoustic encounter rates within this survey were com-
pared with other harbour porpoise surveys undertaken from
RV ‘Song of the Whale II’ (SOTW), a smaller auxiliary
powered sailing vessel R/V ‘Song of the Whale I’ as well as
with unpublished data from other North Sea surveys utilizing
similar techniques (Table 3). The blocks surveyed during this
study show higher acoustic encounter rates than the other
surveys of the North Sea and are much higher than those
from the 2005 SCANS survey of the central North Sea
(SCANS block U). Additionally the acoustic encounter rates
from the surveys/passages in the northern North Sea
(SCANS block V) in 2005 and 2012 are lower than all
blocks surveyed during this study in the central North Sea
(block U) (Figure 4).

Detections were truncated at 450 m from the trackline in
each block, excluding �5% of the largest perpendicular dis-
tances: Block 1 (excluding 5.4%, N ¼ 13), Block 2 (excluding
5.1%, N ¼ 2), and Block 3 (excluding 6.2%, N ¼ 6). Using the
Conventional Distance Sampling (CDS) analysis engine, a
half-normal key function with cosine adjustment terms
including no covariates was found to be the most suitable
model for detection function in all cases and therefore depth
was not included as a covariate. Histograms of perpendicular
distances all showed a lower detection rate between 0 and

�100 m (Figure 5) than at greater perpendicular distances.
Further investigation of the influence of water depth on detec-
tion characteristics found deeper regions were associated with
significantly higher estimates of perpendicular distance (x2 ¼

40.9; df ¼ 4; P , 0.001).
There were 13 visual encounters of harbour porpoise

during the survey; all were used as acoustic trials and six of
these were detected acoustically. These numbers are too
small for a full duplicate analysis using estimated strip
widths for visual, acoustic and duplicates following the
method of Buckland et al. (2001). However, assuming that
acoustic detection ranges (maximum 450 m in this study)
were greater than visual (maximum 350 m in this study),
due to the height of the observation platform and the winter
sea state, a crude estimate of g(0) for acoustic detections
would be 6/13 or 0.46 with 95% CI of 0.19–0.75 derived
from a binomial distribution. There are few other estimates
of g(0) for similar acoustic surveys. SMart Wind (2013) esti-
mated a g(0) of 0.56 with 95% CI of 0.42–0.76 for surveys
in the southern North Sea from a larger vessel. The density
and abundance estimates in Table 4 apply the 0.46 estimate
for g(0) on the CDS results to calculate adjusted density and
abundance estimates taking into account animals which may
have been missed.

Table 1. Acoustic survey effort and survey block coverage.

Area Survey
block

Number of
transects
surveyed

Total length of
surveyed transects
(km)

Total survey
area (km2)

Effective strip
half-width (m) (CV)

Effective area
surveyed (km2)

% of survey
block surveyed

Central North
Sea

A 6 987 47,722 294 (0.17) 537 1.13

B 7 1000 50,384 304 (0.30) 632 1.25
Dogger SAC 2 4 484 20,750 271 (0.14) 263 1.27
‘South-west’ 3 6 544 19,638 236 (0.08) 257 1.31

Fig. 3. A typical porpoise click recorded in the central North Sea. The figure shows fore and rear channels, their waveforms, click spectrum and Wigner plot as
displayed in a Pamguard click detector module (Gillespie et al., 2009). This click displays the characteristic sinusoidal waveform, narrowband ultrasonic peak
frequency and flat Wigner plot of harbour porpoises; clicks recorded in the central North Sea had peak frequencies of approximately 139–142 kHz.

Table 2. Summary of acoustic and visual detections of porpoises. The total number of acoustic detections made on the trackline in each block is shown.
Acoustic detection rates are expressed as the number of porpoise events per 100 km of trackline. Sightings of porpoises are expressed as total number of

encounters and total number of individuals seen (in parentheses).

Area Survey block Acoustic
effort (km)

Acoustic
detections (N)

N/100 km Variance
(N/100 km)

No of sightings
(individuals)

Central North Sea A 987 149 15.1 0.20 3 (4)
B 1,000 88 8.8 0.02 3 (4)

Dogger SAC 2 484 39 8.1 0.12 1 (1)
‘South-west’ 3 544 97 17.8 0.30 5 (11)
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From the limited number of sightings (N ¼ 13, including
nine on-effort and four off-effort) during this survey,
average group size was 1.6 (SD 1.3). A similar study of
harbour porpoises in the North Sea conducted throughout a
2-year period also found an average group size of 1.6 (SMart
Wind, 2013). This estimate varied throughout the year,
however in the winter months the average group size was
1.6. Additionally, the SCANS II survey of the North Sea
Block U (which is most similar in area to Block 1 surveyed
here) calculated a group size estimate of 1.62 (Hammond
et al., 2013). Thus a figure of 1.6 was used to correct for
group size. Absolute abundance and density estimates are dis-
played in Table 4. Corrected and uncorrected estimates are
presented due to the small number of sightings during this

winter survey, rendering estimates of the probability of detec-
tion and group size less accurate.

Density surface modelling was conducted only for Block 1,
the large central survey block (using areas A and B as strata);
DSM was not conducted for Blocks 2 and 3, as not only do
they overlap considerably with Block 1, they also received
significantly less survey effort. For density surface modelling
in R it was necessary to use the MRDS model which gave a
slightly different overall absolute density estimate for the
‘central North Sea’ block of 0.20 (with 95% CI 0.12–0.32).
However, as this result lies within the 99% CI from the CDS
analysis engines, it was considered appropriate to use this
model in the density mapping. Depth, latitude and longitude
were found to be significant covariates in predicting densities
(P , 0.001 for all) with 17% of the variance explained using
these three covariates. Higher densities of harbour porpoises
were predicted in shallow waters, especially in the depth
range of 20–40 m (Figure 6). Figure 7 shows a density
surface model of predicted density from the acoustic data col-
lected during the survey. The waters in the west of the survey
area were characterized by much higher porpoise densities
than in the east, with the waters to the far south-west of the
UK SAC (Block 2) having the highest density within the
survey area.

D I S C U S S I O N

This is one of the first studies to provide information on the
presence, distribution and density of harbour porpoises in
the central North Sea during winter. An estimated abundance
of 62,265 (95% CI 26,114–149,455) harbour porpoises was
derived for the ‘central North Sea’ survey area (Block 1)
using acoustic techniques. The winter density estimate of
0.63 (95% CI 0.27–1.52) individuals km22 is very similar to
that of Block U from the SCANS II summer survey of 0.6 indi-
viduals km22 (Hammond et al., 2013, using visual data) and

Table 3. Summary of previous harbour porpoise surveys conducted utilising similar equipment and methodologies. The acoustic detection rates are
expressed as the number of porpoise events per 100 km of trackline. The name of the survey vessel is presented; variations in the amount of noise

created by vessels can affect the rate of acoustic encounters.

Survey Acoustic encounter
rate (N/100 km)

Vessel

English Channel and Southern North Sea (Unpublished)
Partial SCANS Block B; August 2001 1.6 SOTW I
Partial SCANS Block B; August 2001 4.3 SOTW I
Partial SCANS Block B; September 2001 7.4 SOTW I
Partial SCANS Block B; June 2002 2.8 SOTW I
Partial SCANS Blocks H and Y; August 2001 4.2 SOTW I
Partial SCANS Blocks H and Y; September 2002 6.6 SOTW I
Partial SCANS Blocks H and Y; June 2002 1.5 SOTW I
SCANS Block B (North Sea and Channel); April 2012 9.1 SOTW II
SCANS Block V (North Sea); September 2012 2.5 SOTW II
SCANS Block B (North Sea and Channel); May 2013 5.1 SOTW II
SCANS Block B (North Sea and Channel); September 2013 3.6 SOTW II

North Sea surveys – Acoustic and visual survey (Gilles et al., 2011b)
SCANS II North Sea (North); SCANS Block V; July 2005a 2.7 Gorm
SCANS II North Sea (South); SCANS Block U; July 2005a 1.0 Victor-Hensen
German and Dutch Dogger Bank Zones and German EEZ; partial SCANS Block U; June 2006a 4.8 Victor-Hensen
Central UK North Sea; partial SCANS Block U and V; July 2008a 0.2 Tridens

aData analysed based on porpoise click trains of six or more clicks (thus potentially deriving slightly higher estimates of encounter rate).

Fig. 4. The areas defined by SCANS II (from Hammond et al., 2013).
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an estimate of 0.68 individuals km22 in summer in the central
North Sea from aerial surveys in 2013 (Geelhoed et al., 2014),
suggesting consistent year-round presence in the central
North Sea. In contrast, studies from the southern North Sea
have found a distinct peak in harbour porpoise presence in
spring (March–May), with successively decreasing densities
in summer (June–August) and autumn (September–
November) off the Dutch continental shelf (Geelhoed et al.,
2013) and southern German North Sea (Peschko et al.,
2016). The distribution patterns from this survey are similar
to those reported by the SCANS II visual summer survey
(Hammond et al., 2013) and the DEFRA/IMARES aerial
summer surveys (Geelhoed et al., 2014), with particularly

high porpoise densities found in the west of the North Sea,
especially to the west of the Dogger Bank.

In order to put the results of this survey into a wider
context, relative acoustic encounter rates have been presented
and comparisons drawn with other areas surveyed using
similar techniques in the North Sea and further afield
(Table 3). The acoustic encounter rates from this study are
much higher than any of the others reported for the North
Sea blocks V, U and B (Table 3; Figure 4), and are comparable
only to a survey conducted from RV ‘Song of the Whale I’ in
the Kiel Bight (10.5 encounters per 100 km) and Little Belt
(16.8 encounters per 100 km) in 2002 (Gillespie et al., 2005),
an area known for its high harbour porpoise density
(Teilmann et al., 2008). Similarly, a recent double platform
visual survey in the western Baltic, Belt Seas and Kattegat esti-
mated the density of harbour porpoise in this area as 0.79
animals km22 (Viquerat et al., 2014) which is comparable to
this survey (0.63 animals km22). These results indicate that
the central North Sea (Block 1) provides an important
habitat for harbour porpoises in winter months.
Furthermore, a study of the seasonal presence of harbour por-
poises in the German Bight modelled the density of harbour
porpoises over the German part of the Dogger Bank in
spring (1.01 animals km22), summer (0.93 animals km22)
and autumn (0.07 animals km22) demonstrating a year-round
presence of harbour porpoises in this part of the North Sea
(Gilles et al., 2011a), with densities higher in the spring and
summer than those found in this study. Both the SCANS II
survey in the northern North Sea in summer and data col-
lected during a recent passage by SOTW within the northern
North Sea SCANS block V in September (see Table 3), show

Fig. 5. Histograms of perpendicular distances to harbour porpoises for the three survey blocks all fitted with half normal keys: (A) Block 1, (B) Block 2, (C) Block 3.
Model selection was based on Akaike Information Criterion (AIC) values.

Table 4. Absolute abundance (N) and density (D) estimates (as animals per km2) of harbour porpoises in the Dogger Bank survey area given without
adjustment, and adjusted for the probability of detection, g(0), and group size, presented with 95% confidence intervals and coefficients of variation.

Survey blocks N of groups
uncorrected (95% CI)

D of groups
uncorrected (95% CI)

CV Corrected for group size (1.6) and g(0) 5 0.46

Adjusted N
corrected (95% CI)

Adjusted D
corrected (95% CI)

CV

Central North Sea
A 12,359 (5,511–27,718) 0.26 (0.12–0.58) 0.36 42,845 (16,428–111,739) 0.90 (0.34–2.34) 0.52
B 6,629 (3,429–12,816) 0.13 (0.07–0.25) 0.34 22,981 (9,012–58,602) 0.46 (0.18–1.16) 0.51
1 17,961 (10,816–33,336) 0.183 (0.11–0.34) 0.28 62,265 (26,027–148,956) 0.63 (0.27–1.52) 0.47

Dogger SAC
2 2,923 (769–11,104) 0.14 (0.04–0.54) 0.49 10,133 (3,329–30,848) 0.49 (0.16–1.49) 0.62

‘South-west’
3 6,858 (3,650–12,885) 0.35 (0.19–0.7) 0.26 23,774 (10,137–55,759) 1.21 (0.52–2.84) 0.46

Fig. 6. Detection rate (detections/effort) of harbour porpoises in each water
depth class.

winter survey of harbour porpoise in the north sea 1461

https://doi.org/10.1017/S0025315416000783 Published online by Cambridge University Press

https://doi.org/10.1017/S0025315416000783


acoustic encounter rates lower than those found in this study of
the central North Sea. These reported higher densities in the
south compared with the north of the North Sea appear to
be consistent with the apparent southern shift of the distribu-
tion of harbour porpoise in the North Sea in summer
(Camphuysen, 2004; Gilles et al., 2009; Hammond et al., 2013).

Lastly, the acoustic encounter rates and density surface
modelling from this study highlight the west, but especially
the south-west parts of the survey area as having particularly
high densities of harbour porpoises. SCANS surveys in 1994
and 2005 both showed a concentration of encounters in the
west of the North Sea during summer (Hammond et al.,
2002, 2013). Estimated average densities from year-round
surveys over a possible wind farm construction site centred
around 548N 28E were 1.3 individuals km22 from acoustic
data or 1.6 individuals km22 from visual data (SMart Wind,
2013). These surveys largely overlapped with Block 3 from
this survey (Figure 1) and demonstrated similar density esti-
mates from acoustic data; some of the highest reported dens-
ities of harbour porpoises measured in the North Sea. The
reasons for the high porpoise numbers in the west, and espe-
cially south-west of the central North Sea are unclear, however
it may in part be due to the overlap with higher densities of
their prey, as has been found in the German Bight (Herr
et al., 2009). Efforts have been made using stranding data
from the northern North Sea (Macleod et al., 2007), the
North-East Atlantic (Santos & Pierce, 2003), and the
German North Sea coast (Benke et al., 1998) to determine
the diet of harbour porpoises, and the lesser sandeel
(Ammodytes tobianus) has been found to be an important
prey source. Sandeel distribution is patchy in relation to sedi-
ment type (Wright et al., 2000), sandeels tending to occupy
areas on the sloping edges of sand banks in sediments where
the silt content is between 4 and 10% (Wright et al., 2000;
Holland et al., 2005). In a survey conducted in the North
Sea in April and May the highest abundance of sandeels was
found along the western boundary of the Dogger Bank
(Forewind, 2012). Although this survey was conducted
during summer months, there is little evidence of movement
between seasonal feeding and spawning grounds (Kunzlik
et al., 1986), suggesting this fish species may remain in the

same areas year round. Additionally, the distribution of
sandeel fisheries between 1995 and 2007 showed the highest
landings in the central to south-west of the North Sea
(Deurs et al., 2009).

In this study, certain assumptions had to be made in order
to calculate a corrected density and abundance estimate. As
with many acoustic datasets (for example SMart Wind,
2013), the histograms of perpendicular distances all show
lower detection rates between 0 and �100 m (Figure 5) than
at greater perpendicular distances. These perpendicular dis-
tances more accurately represent the distance of a vocalizing
animal at depth from the axis of the hydrophone rather
than from the trackline. A significant difference in the esti-
mates of perpendicular distance was found between depth
classes, with larger perpendicular distances estimated at
greater water depths. Diving behaviour may, in part, explain
the shape of these detection functions; however, as much of
the survey area was relatively shallow, especially over the
Dogger Bank, avoidance of the vessel may also be a contribut-
ing factor. Group size corrections (mean ¼ 1.6) were applied
to the sightings data from this survey as they were in
keeping with estimates from other similar surveys in the
central North Sea area (Hammond et al., 2013; SMart Wind,
2013). However, aerial surveys of a similar survey area in
summer observed a slightly smaller mean group size of 1.25
animals (Geelhoed et al., 2013), whereas spring (March) and
autumn (October/November) surveys of the Dutch continen-
tal shelf (to the east of our survey area) observed average
group size of 1.09 and 1.19 respectively (Geelhoed et al.,
2013). It should be noted that comparing group size data col-
lected through boat-based and aerial-based surveys presents
challenges due to differences in methodologies including
speed and observer height. Additionally, during many visual
cetacean surveys, larger groups have a higher probability of
detection than smaller ones and single individuals. Due to
the small number of sightings in this study, this was not cor-
rected for when making the group size estimates which may
present a bias in this calculation.

Vessel-based visual surveys for harbour porpoises in the
North Sea in winter months are compromised by confounding
weather conditions, low sighting probabilities in sea-states

Fig. 7. A map of the predicted density of harbour porpoises across the ‘central North Sea’ survey area created from density surface modelling using depth, latitude
and longitude as covariates. The black lines denote the Dogger Bank areas of the UK, Netherlands and Germany (from left to right respectively).
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above two (Teilmann, 2003) and low observation heights. This
acoustic survey demonstrates the efficacy of detecting porpoises
using acoustic techniques; in this case, acoustic detection was
�26 times more effective than visual means throughout the
survey (with seven times more acoustic detections than visual
detections during periods of concurrent visual and acoustic
on-track effort). Utilizing combined visual and acoustic
survey techniques to estimate absolute abundance and density
of porpoises is an emerging science, with associated limitations
and assumptions; however, this technique has provided one of
the first estimates of winter abundance and density of harbour
porpoises within the central North Sea.

Despite the apparent importance of the central and south-
ern North Sea to harbour porpoises, the individuals there face
many anthropogenic challenges in the region ranging from
by-catch to disturbance from man-made noise. By-catch is
considered to be a major threat to harbour porpoises in the
North Sea (Vinther & Larsen, 2004). Elevated levels of noise
during the construction phase of offshore renewable energy
developments have been demonstrated to disturb and displace
harbour porpoises (e.g. Teilmann & Carstensen, 2012; Dähne
et al., 2013) and harbour porpoises have been found to be less
numerous in areas with heavy shipping traffic (Herr et al.,
2005). The EU Habitats Directive requires that strict protec-
tion measures are put in place for listed animal species
(including harbour porpoises), prohibiting all forms of delib-
erate capture or killing, deliberate disturbance and deterior-
ation or destruction of breeding sites or resting places. In
addition, the Habitats Directive requires that measures are
taken to maintain or restore a favourable conservation
status for species of community interest (including the
harbour porpoise). The harbour porpoise has experienced
fluctuations in distribution (Hammond et al., 2013), and it
is becoming increasingly important to understand how these
fluctuations in distribution and changes in abundance may
be linked to human activities. The construction of one of
the world’s largest offshore wind farms is planned for the
Dogger Bank area, along with the development of the
Hornsea offshore wind farm off the Yorkshire coast (south
central North Sea), and several other offshore wind farms
off East Anglia. Short and long term displacement of porpoises
as a result of disturbance from piling noise has been demon-
strated previously (Teilmann & Carstensen, 2012; Dähne
et al., 2013). Harbour porpoises have been found at all times
of year across all areas of the Dogger Bank (Todd et al.,
2009; Hammond et al., 2013; Geelhoed et al., 2014; this
study), however, the waters to the south and south-west of the
Dogger Bank appear from recent studies to have a very high
density of porpoises. Given the importance of the Dogger
Bank and surrounding waters to harbour porpoises year
round, the UK Government is urged to implement measures
to require that the risk of disturbance, from activities such as
piling, is reduced in line with best practice elsewhere in
Europe, such as Germany’s noise limit (Umweltbundesamt,
2011), in order to minimize the potential for harm to and dis-
placement of significant numbers of porpoises during marine
developments within UK jurisdiction.
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