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Dear Sir/ Madam,
 
Please find attached WDCs response to the Examining Authority’s (ExA’s) Further Written Questions
and Requests for Information, issued 19th December, for Hornsea Three offshore wind farm.
 
Also attached are the papers requested as part of the questions.
 
Please don’t hesitate to contact me if you have any queries.
 
Best wishes
 
Vicki
 

Vicki James
Policy officer
Telephone:  +44 (0)1249 449 500

WDC, Whale and Dolphin Conservation
Brookfield  House 
38 St Paul  Street
Chippenham
Wiltshire
SN15 1LJ
United Kingdom
whales.org

                

Whale and Dolphin Conservation (“WDC”) is a company registered in England and Wales (No. 02737421) and a registered charity
(in England and Wales No. 1014705, in Scotland No. SC040231)
WDC Shop is a trading name of WDC (Trading) Ltd, a company registered in England and Wales (No. 02593116)
Registered office : Brookfield House, 38 St. Paul  Street, Chippenham, Wiltshire, SN15 1LJ.  Tel: +44 (0)1249 449 500
This message is private and confidential.  If you have received this message in error, please notify us and remove it from your
system.

______________________________________________________________________
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INTRODUCTION



It is of vital interest for science and nature conserva-
tion to understand the ecological consequences of hu-
man use of marine habitats. Virtually all human activi-
ties at sea lead to the generation of underwater noise,
which may propagate over large distances. It is well
documented that noise levels in the world’s oceans are
increasing with expanding human activities (Andrew
et al. 2002, McDonald et al. 2006). High noise levels
are of special concern for cetaceans, which depend on
sound as the most important source of information
about their environment (Richardson et al. 1995, No-



wacek et al. 2007, Southall et al. 2007, Weilgart 2007,
Tyack, 2008). A growing demand for sustainable and
‘environmentally friendly’ energy has led a growing
number of countries to explore options for the installa-
tion of offshore wind farms. However, such develop-
ments may have at least temporary negative effects on
the surrounding marine environment. In particular,
noise emissions during the construction phase, when
steel foundations may be driven into the sea floor, can
cause temporary avoidance of the area by marine
mammals and at close range have the potential to in-
flict physical damage to their sensory system (Madsen
et al. 2006, Thomsen et al. 2006, Southall et al. 2007).
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Responses of harbour porpoises to pile driving
at the Horns Rev II offshore wind farm 



in the Danish North Sea



Miriam J. Brandt1,*, Ansgar Diederichs1, Klaus Betke2, Georg Nehls1



1BioConsult SH, Brinckmannstrasse 31, 25813 Husum, Germany
2 Institut für technische und angewandte Physik GmbH, Marie-Curie-Strasse 8, 26129 Oldenburg, Germany



ABSTRACT: Pile driving during offshore windfarm construction goes along with considerable noise
emissions that potentially harm marine mammals in the vicinity and may cause large scale distur-
bances. Information on the scale of such disturbances is limited. Therefore, assessment and evalua-
tion of the effects of offshore construction on marine mammals is difficult. During summer 2008,
91 monopile foundations were driven into the seabed during construction of the offshore wind farm
Horns Rev II in the Danish North Sea. We investigated the spatial and temporal scale of behavioural
responses of harbour porpoises Phocoena phocoena to construction noise using passive acoustic
monitoring devices (T-PODs) deployed in a gradient sampling design. Porpoise acoustic activity was
reduced by 100% during 1 h after pile driving and stayed below normal levels for 24 to 72 h at a
distance of 2.6 km from the construction site. This period gradually decreased with increasing
distance. A negative effect was detectable out to a mean distance of 17.8 km. At 22 km it was no
longer apparent, instead, porpoise activity temporarily increased. Out to a distance of 4.7 km, the
recovery time was longer than most pauses between pile driving events. Consequently, porpoise
activity and possibly abundance were reduced over the entire 5 mo construction period. The beha-
vioural response of harbour porpoises to pile driving lasted much longer than previously reported.
This information should be considered when planning future wind farm construction.
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In the North Sea, the harbour porpoise Phocoena
phocoena is the most abundant marine mammal and is
found in all coastal and offshore waters (Reid et al.
2003). The species is listed in Annexes II and IV of
the EU Habitats Directive, and deliberate killing or
significant disturbance of individuals are prohibited.
However, given the wide distribution of harbour
porpoises in this region and the numerous wind farms,
both planned and in place, it is inevitable that such
developments will affect harbour porpoise habitat to
some extent. In order to assess the effects of offshore
windfarms on harbour porpoises, knowledge of the
behaviour of the species in relation to noise levels cre-
ated by offshore pile driving is essential. The main aim
of this study was to describe the temporal and spatial
extent of disturbance and thereby assess the spatial
and temporal scale at which habitat exclusion occurs.



To our knowledge, the only published studies ad-
dressing behavioural reactions of harbour porpoises to
pile driving so far were carried out by Carstensen et al.
(2006), Tougaard et al. (2009) and Thompson et al.
(2010). All studies used static acoustic monitoring
devices (T-PODs), which allow continuous recordings
of harbour porpoise echolocation activities and were
deployed according to a Before After Control Impact
(BACI) design aimed primarily at comparing porpoise
activity during the construction period to a pre-
construction and/or post-construction period. Tou-
gaard et al. (2009) studied harbour porpoise responses
to pile driving during construction of the Offshore
Windfarm Horns Rev I in the Danish North Sea. This
study described a clear effect of pile driving on the
acoustic activity of harbour porpoises up to a distance
of 20 km, with the mean time between 2 consecutive
porpoise acoustic encounters (all porpoise recordings
being separated by <10 min) increasing from 5.9 h to
7.5 h after pile driving. However, when comparing the
affected area with a reference area, no difference in
the duration of this effect was detectable. The range of
the effect could therefore not be determined and the
very short duration of the measured effect apparently
contradicts the great distance over which it occurred.
Carstensen et al. (2006) studied harbour porpoise
responses during construction of the Nysted offshore
windfarm in the Danish Baltic Sea. They found a
longer effect, with times between porpoise encounters
increasing from the normal 10–20 h to 35–50 h after
construction near the windfarm, whilst a somewhat
smaller effect was found in an area at a distance of
about 15 km. More recently, Thompson et al. (2010)
published a study assessing the effects on cetaceans
during construction of 2 wind turbines off northeast
Scotland. While they found some evidence that the
time between consecutive porpoise detections was
longer after pile driving than randomly expected in the



affected area, small sample size and high variability
between areas did not allow firm conclusions or state-
ments about the duration or scale of the effect. They
concluded that while passive acoustic monitoring is a
useful method to assess such effects from offshore
construction work on cetaceans, a gradient sampling
design would offer a  more promising approach than a
BACI design. Here we present such a study, using a
gradient sampling design where T-PODs were de-
ployed along a transect line reaching from the pile
driving site to a maximum distance of 22 km in the
Danish North Sea. This design was adopted to specifi-
cally test the spatial and temporal scale of the effects of
windfarm construction on harbour porpoises.



The area west of Jutland and Sylt has been identified
as a location with high porpoise numbers especially
during the summer months (Hammond 2006, Gilles at
al. 2009). It might therefore be of high importance for
harbour porpoises as a breeding and nursery ground.
The offshore windfarm Horns Rev II, the largest off-
shore construction of its time, was constructed within
this area in relatively shallow waters (Fig.1), at a time
of year when porpoise numbers are expected to be
especially high. This provided us with the opportunity
to test how pile driving in particular affects harbour
porpoises in a high density area.



MATERIALS AND METHODS



Study area. The offshore windfarm Horns Rev II was
erected north-west of the reef Horns Rev, which
extends from the westernmost point of the Danish west
coast at Blåvands Huk out ~40 km to the west. The reef
consists of an inner and outer reef separated by the
Slugen Channel (Fig. 1). The windfarm, consisting of a
transformer platform and 92 2.3 MW wind turbines
arranged in 7 rows in a semicircular formation, is
located at the northwestern part of the reef, ~35 km
west of Blåvands Huk (Fig. 1). It covers an area of
~35 km2 with a water depth between 4 and 14 m. The
top seabed layer in the windfarm area consists of pre-
dominantly medium-coarse grained sand without
macrophytes.



Wind turbines were erected between 19 May and
9 October 2008 on monopile foundations. The piles
had a diameter of 3.9 m, were 30 to 40 m long, had a
wall thickness of 25 to 88 mm, weighed 170 to 210 t,
and were driven into the seabed to depths of 20 to
25 m. The construction was performed with the aid of
the jack-up barge ‘Sea Jack’ (A2SEA). An IHC S-
1200 hydraulic hammer (IHC Hydrohammer) was
used for all monopiles. The maximum applied blow
energy was ~900 kJ per strike. A short ramp-up pro-
cedure with a duration of about 5 min was observed
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during noise measurements. Over this period, the
blow rate was slowly increased from about 1 blow
min–1 to 1 blow s–1. No particular plan for ramp-up
procedures existed.



Noise measurements. Noise measurements were
conducted on 7 September 2008 at 2 measurement
points, during installation of 1 monopile (J2). An auto-
nomous recording buoy was deployed at 720 m dis-
tance from the pile with a hydrophone 1.5 m above the
sea floor. Water depth at this position was 10 to 12 m.
The system was fitted with an ITC-1001 hydrophone
(International Transducer Corp.) with a recorder PMD
670 (Marantz). Recording bandwidth was 15 Hz to
20 kHz. Manual recordings were made aboard a ship
at 2300 m distance from the pile using a 8105 hydro-
phone (Brüel & Kjær) and a HD-P2 recorder (Tascam).
The bandwidth of this system was 10 to 40 kHz. The
hydrophone was deployed 7 to 8 m below the sea sur-
face. At both positions, the noise was recorded in
uncompressed 16 bit wave file format. These data
were later evaluated with MATLAB programs. Peak
level Lpeak, equivalent continuous sound level Leq and
average single-stroke sound exposure levels (SEL)
were computed for the whole pile driving operation in
consecutive intervals of 30 s. The peak level was
derived directly from the recorded time series as fol-
lows:



Lpeak = 20 log (|ppeak| / p0)                   (1)



where ppeak is the highest positive or negative observed
sound pressure in the observation interval and p0 is the
reference sound pressure, which is 1 µPa. Leq and SEL
were computed from one-third octave spectral analyses
based on Fast Fourier Transform (FFT). A single FFT
with rectangular window was performed on each whole
interval. FFT length was the next highest power of 2,
with reference to the number of data points, and the rest
of the FFT field was filled up with zeros. For a sampling
frequency of e.g. 44.1 kHz, as used in the recording
buoy, the number of FFT points was thus 2097152. The
amplitude correction for this procedure (0 to 3 dB) was
applied after conversion of the FFT result to the power
domain. One-third octave spectrum was then computed
by summing the FFT spectral lines for each one-third oc-
tave band. Hence each of these spectra represented the
Leq for the particular 30 s interval. The SEL was com-
puted from the Leq according to



SEL = Leq – 10 log (n T0/T)                  (2)



where n is the number of pile driver blows within the
observation interval T = 30 s, and T0 = 1 s.



M-weighted cumulative SELs were computed fol-
lowing Southall et al. (2007). Frequency weighting is
a sound engineering method for deriving a single-
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Fig. 1. Study area. Positions of the wind turbines of the windfarm Horns Rev II, where pile driving took place during this 
study (•), and the windfarm Horns Rev I (�) that was already installed. ds 1 to 6 = positions of the T-PODs. h = positions where



noise measurements were conducted during pile driving of monopile J2 (s). Grid reference system is UTM 32 N
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number level value that accounts for the frequency-
dependent sensitivity of the auditory system. For high-
frequency cetaceans, Southall et al. (2007) suggest an
M-weighting curve with corner frequencies of 200 Hz
and 180 kHz. Below and above these frequencies, the
curve declines by 40 dB per decade whereas it is flat
(i.e. no weighting) at the center frequencies.



POD settings. The responses of harbour porpoises to
wind farm construction were monitored by continuous
registration of echolocation clicks using T-PODs (ver-
sion 4, Chelonia). A T-POD consists of a hydrophone,
an amplifier, analogue electronic filters and a digital
memory. They are equipped with a 128 MB non-
volatile memory (up to 30 million clicks can be stored)
and are powered by 2 bundles of six 1.5 V D-cell alka-
line batteries. The filter settings can be set to a range of
different click durations, centre and reference fre-
quencies, signal bandwidths and signal strengths, that
are characteristic for harbour porpoise echolocation
clicks, in order to distinguish them from boat sonar and
other sources. The T-POD is accompanied by the
software package T-POD.exe (v.7.41), that uses an
algorithm (train detection algorithm V3.0) to discrimi-
nate cetacean trains from other sources (for details see
Verfuß et al. 2008, Bailey et al. 2010, Simon et al. 2010).
We chose the following POD-settings: (1) target filter
A: 130 kHz, (2) reference filter B: 90 kHz, (3) click
bandwidth: 5, (4) noise adaptation switched on, and
(5) scan limit for N of clicks logged: 240. The sensitivity
of T-PODs has been found to differ (Dähne et al. 2006,
Verfuß et al. 2007). Therefore absolute sensitivities of
individual T-PODs were measured in a laboratory
environment in the German Oceanographic Museum
in Stralsund, Germany. During this test tank calibra-
tion, the detection threshold of each T-POD was mea-
sured and the POD-specific sensitivity, selected in
order to achieve a peak to peak detection threshold of
130 dB re 1 µPa, was determined (for details see Verfuß
et al. 2007). This POD-specific value was then used as
the setting for T-PODs deployed in the field. The soft-
ware sorts clicks into different train classifications. We
only used the 2 with the highest probability of being
actual harbour porpoise clicks (‘CetHi’ and ‘CetLo’;
Thomsen et al. 2005).



POD deployment. A total of 8 T-PODs were de-
ployed at 6 positions along a transect line extending
from inside the area where Horns Rev II was built
(Position 1), across the reef and into the area where the
windfarm Horns Rev I is located, south of the reef
(Position 6) (Fig. 1, Table 1). The exact detection range
of a T-POD is not accurately known. However, for ver-
sion 3 T-PODs, a maximum detection distance of be-
tween 200 and 300 m has been described for harbour
porpoises (Tougaard et al. 2006). In order to avoid
detection of the same porpoise clicks at 2 neighbouring



T-POD positions during the same minute, the positions
were set with a distance of 1.5 to 8 km between them.
The distance from the POD positions to individual
wind turbines ranged from 0.5 to 25 km. Water depth
at the T-POD positions was between 9 and 18 m.



T-PODs were placed in the water column ~1 m
above the sea bottom. Each POD position was marked
by an inflatable yellow buoy directly next to it and by
an official yellow warning buoy at a distance of 100 to
150 m. The inflatable buoy was attached to an anchor
block, which was connected to a second anchor block,
to which the T-POD was attached.



During the period 8 April to 7 September 2008, a
total of 728 POD-days (no. of PODs deployed × days of
deployment) were achieved. During the baseline
period 8 April to 18 May 2008 before pile driving activ-
ities started, no data were recorded at Position 4 due to
equipment loss. At all other locations, at least 17 d of
recording were achieved during the baseline period.
Some further data gaps occurred due to equipment
loss or damage (Fig. 2). Pile driving activities took
place between 19 May and 14 October 2008. There
was only 1 pause between pile driving events that was
>4 d (Fig. 2), and on several occasions 2 pile driving
events occurred during a single day. A pile driving
event lasted on average 46 ± 14 min and the median
time between them was 16 h (range: 10–309 h). During
62 pile driving events that took place between 19 May
and 07 October 2008, POD data could be recorded at
3 or more POD positions during each pile driving event
(Fig. 2).



To keep the animals out of the radius where physical
damage from pile driving noise might occur, a seal
scarer (Lofitech) and a pinger (Aquamark 100) were
deployed at the construction site on average 163 ±
88 min (0–461 min) before pile driving started, and
were recovered 47 ± 46 min (0–279 min) after pile
driving finished. Pingers have been found to deter
harbour porpoises to distances of 100 to 200 m (Kraus
1999, Barlow & Cameron 2003, Kastelein et al. 2006).
The effects of the seal scarer on harbour porpoises are
not well known. However, Olesiuk et al. (2002)
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Table 1. Distances of POD positions (see Fig. 1) and duration
of the effect on porpoise activity as found from GAM analyses. 



PPM/h: porpoise positive minutes per hour



POD Mean Duration of pile driving
position distance (km) effect on PPM/h (h)



1 2.5 24 – 72 
2 3.2 18 – 40 
3 4.8 17 – 42 
4 10.1 9 – 21 
5 17.8 10 – 23 
6 21.2 0 
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observed avoidance reactions by porpoises to the Air-
mar seal scarer, up to a distance of 2.5 to 3.5 km and
Johnston (2002) reported a mean closest approach dis-
tance of 991 m during seal scarer activity compared to
364 m during seal scarer inactivity.



Data analysis. To determine how porpoise activity
changed with respect to time after pile driving, we
analysed the parameter ‘porpoise positive minutes per
hour’ (PPM/h). This describes the number of minutes
during an hour where at least 1 harbour porpoise click
was recorded and can thus range from 0 to 60. Statisti-
cal analysis was conducted using the software ‘R’, ver-
sion 2.8.1 (www.r-project.org/).



To investigate whether there was a difference in
PPM per day between the baseline period from 8 Apr
to 18 May 2008 before pile driving started and the pile
driving period (19 May–7 Sept 2008), we calculated a
non-parametric Mann-Whitney U-test for each POD
position and applied Bonferroni correction on signifi-
cant p-values to account for multiple tests on the same
dataset. Only hours that were fully covered were
included in the analysis.



To test for short-term effects and to determine the
duration of an effect, we then proceeded by applica-
tion of a Generalised Additive Model (GAM), allowing
for a non-linear effect of pile driving on PPM/h, includ-
ing only data from the construction period. PPM/h was
chosen as the response variable and the interactions
between Hour after pile driving (Hpd) and POD posi-
tion, Distance to pile driving (Dpd, in km) and Time of
day (Time) were chosen as non linear predictor vari-



ables, using standard settings for the number of knots
specified. We also included Month as a factor. Because
the interaction of Hpd with POD position was signifi-
cant, and because we were interested to see how the
duration of an effect differed with distance, we then re-
calculated the same model separately for each of the 6
different POD positions (PPM as response variable,
Hpd, Dpd and Time as non-linear predictor variables
and Month as a factor). Using the curve that the GAM
fitted to the relationship between PPM/h and Hpd, we
then defined the range between the point where
PPM/h reached the overall average and where it
reached the first local maximum after the initial in-
crease. This time span we report as the possible dura-
tion of the effect of pile driving on harbour porpoise
behaviour.



RESULTS



Noise measurements



During construction of monopile J2, when noise
measurements were conducted, 449 blows were nec-
essary to reach the final penetration of 21 m according
to the pile driver record file. The time from the first to
the last blow was 30 min (04:53:30–05:23:19). At 720 m
distance, during 1 pile driving event, the peak level
reached 196 dB re 1 µPa, the SEL level reached a max-
imum of 176 dB re 1 µPa2 s and the M-weighted SEL
(see Southall et al. 2007) reached 170 dB re 1 µPa2 s
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Fig. 2.  Periods of T-POD deployment at the different positions (see Fig. 1). Dates given as dd.mm. Light grey bars: T-POD
recorded data. Grey hatched bars: T-POD deployed but lost. Dark grey bars: T-POD deployed but did not function. White bar: no
T-POD deployed. Numbers in the bars denote number of days in that period. Narrow black bars on the top of the graph show pile 



driving events, short bars = 1 event, long bars = 2 events during the same day
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(Fig. 3). At a distance of 2300 m to pile driving, peak
levels reached 184 dB re 1 µPa, SEL 164 dB re 1 µPa2 s
and M-weighted SEL reached 157 dB re 1 µPa2 s.
These levels were observed at the maximum applied
blow energy of ~850 kJ. From the spectrum of the pile
driving noise measured at 720 and 2300 m distance
(Fig. 4), it can be seen that the spectral maximum was
found between 80 Hz and 200 Hz and noise levels
decreased at the higher frequencies until at a distance
of 2300 m, background noise levels were reached at
about 40 000 Hz. Fig. 5 shows the broadband sound
level relative to pile driver blow energy.



Porpoise activity (PPM/h)



As revealed by non-parametric tests, porpoise activ-
ity (PPM/h) significantly decreased during the con-
struction period (19 May–7 September 2008) as com-
pared to the baseline period (8 April–18 May 2008) at
POD-Positions 1 (Z637,2555 = –7.47, p < 0.001), 2 (Z949,1355



= –11.10, p < 0.001) and 3 (Z973,1427 = –14.42, p < 0.001),
while no significant effect was found at Positions 5
(Z949,2579 = –0.45, p = 0.66) and 6 (Z925,2580 = –0.87, p =
0.38) (Fig. 6). At Position 4, no baseline data were
available due to equipment loss.



The GAM explained 27.9% of the overall
variance in the data. It revealed significant
effects of Dpd, Time and Month on PPM/h
(Table 2). There was also a significant effect
of the interaction of POD position with Hpd
on PPM/h (Table 2). Therefore we split the
analysis up for the different POD positions
and again tested for the influence of Hpd on
PPM/h for each position separately while
controlling for Dpd and Time and Month.
Hpd, Dpd and Month had a significant
effect on PPM/h at all positions, while Time
only had a significant effect at some posi-
tions (Table 3). Explanatory power of the
model decreased at POD positions further
from the pile driving site (Table 3). The
curve on the relationship between PPM/h
and hour after pile driving (the parameter of
main interest) that the GAM fitted to the
data was of different shapes at the different
POD positions. In Fig. 7, the deviation of
PPM/h from the overall mean (calculated
over all available hours at a given position)
and how this changes with hours after pile
driving can be seen for the different posi-
tions. At Position 1, PPM/h steadily in-
creased after the pile driving event. PPM/h
was substantially below the overall mean up
to 24 h after pile driving. However, PPM/h
continued to increase with a narrow confi-
dence interval until reaching the first local
maximum at 72 h after pile driving. At
Positions 2 and 3, the pattern is similar:
PPM/h steeply increased after pile driving.
The overall mean was reached at 18 h (Posi-
tion 2) and at 17 h (Position 3) after pile dri-
ving. At 40 h (Position 2) and 42 hours (Posi-
tion 3) after pile driving, PPM/h reached the
first local maximum and then fluctuated
widely around the mean. At Positions 4 and
5, PPM/h increased more steeply and at 9 h
(Position 4) and 10 h (Position 5) after pile
driving, the overall average was reached
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Fig. 3. Peak level and single-stroke sound exposure level (SEL) for the
whole pile driving operation measured at 720 m distance. Also shown is
the M-weighted cumulative SEL (the M weighting function for ‘HF
cetaceans’ was used; Southall et al. 2007). The difference between the
non-cumulative unweighted and M-weighted SEL varied from ~4 to 7 dB
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substantially sooner. This increase in PPM/h also lev-
elled off sooner at these positions (21 h at Position 4
and 23 h at Position 5). At Position 6, the shape of the
curve differed: PPM/h was higher than the overall
mean, up to about 35 h after pile driving, while
decreasing and fluctuating around the overall mean
afterwards. At all POD-positions the confidence inter-
vals for PPM/h widened substantially when more time
after pile driving elapsed. This was due to a decreas-



ing sample size as in most cases the time
between pile driving events was less than
50 h. Thus, predictive power for the later
periods decreased. The range of the duration
of the effect of pile driving on harbour por-
poises, together with the predicted sound
exposure levels at the different POD posi-
tions, are given in Table 1. During the first
hour after pile driving, mean porpoise activity
was 0 at Positions 1 to 3, while at Positions 4
and 5 there was a reduction in porpoise activ-
ity of between 32% and 49% relative to the
overall mean PPM/h value and mean PPM/h
more than 70 h after pile driving (Table 4). At
Position 6 (at a distance of 22 km), PPM/h
decreased by 2% compared to the overall
mean, but increased by 31% relative to
PPM/h more than 70 h after pile driving
(Table 4).



DISCUSSION



We found a clear negative effect of pile driving dur-
ing wind farm construction on porpoise acoustic activ-
ity that was detectable out to a distance of 17.8 km. At
the closest distance studied (2.5 km), porpoise activity
was reduced between 24 to 72 h after pile driving
activity, and the duration of this effect gradually
declined with distance. At the furthest distance studied
(21.2 km), we no longer found a negative effect of pile
driving on porpoise activity; instead, activity was
higher than the overall average for about 30 h after pile
driving. This might indicate that porpoises at this dis-
tance showed no behavioural reaction to pile driving.
Animals moving away from the construction site might
have caused porpoise abundance and thus porpoise
acoustic activity to temporarily increase as animals
aggregated there. The lower limit we report for the
duration of the effect was based on the time when por-
poise activity reached the overall average. However,
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Table 2. Results from the GAM on the effects of 4 independent
variables on porpoise activity (porpoise positive minutes per
hour, PPM/h). F-values and estimated degrees of freedom
(edf) are given; the p-value of the main effect to be tested is
indicated in bold. The model explained 27.9% of the overall 



variance in the data



Independent variable F edf p



Hour after pile driving 13.5 28.0 < 0.0001
× POD position



Distance 195.1 8.9 < 0.0001
Time of day 6.9 8.4 < 0.0001
Month 41.3 4 < 0.0001
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Fig. 5. Broadband sound level as a function of pile driver blow energy,
observed at 720 m distance. The formula of the fitted dashed curve is
SEL = 7.5 log(E) + 154. Each point represents the energetic average from
between 10 and 26 blows, depending on the energy level. SEL: single-



stroke sound exposure level 



Fig. 6. Porpoise positive minutes per hour (PPM/h) during the
baseline period (08 Apr–18 May 08, light bars) and the con-
struction period (19 May –07 Sep 08, dark bars) by POD posi-
tion. Dark band: mean; box: 25% quartiles; whiskers: 25%
quartiles minus outliers and extremes; blobs: outliers, defined
as values which are between 1.5 and 3 box lengths from
either end of the box; asterisks: extremes, defined as values



that are more than 3 box lengths from either end of the box
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Table 3. Results from the GAM on the effects of Hours after pile driving (Hpd), Distance to pile driving (Dpd), Time of day and Month
on porpoise activity (porpoise positive minutes per hour, PPM/h). The F values for all 4 parameters are given, with significance 



values indicated as follows: ***p < 0.001, **p < 0.01, *p < 0.05, ns: p > 0.05



POD Mean Dpd  F Variance
position (km) Hpd Dpd Time Month explained (%)



1 2.6 56.2*** 10.4*** 2.3* 39.2*** 24.7
2 3.2 15.9*** 4.5*** 0.8 ns 12.0*** 15.0
3 4.8 15.8*** 4.9*** 0.4 ns 7.7*** 13.5
4 10.1 4.6*** 12.8*** 3.2** 40.6*** 18.8
5 17.8 7.2*** 5.1*** 5.1*** 42.2*** 14.2
6 21.7 5.7*** 4.3*** 9.3*** 26.7*** 9.6



Fig. 7. Relationship between porpoise positive minutes per hour (PPM/h) and Hour after pile driving (Hpd) as fitted by the GAM.
The graphs show the deviance of PPM/h from the overall mean (depicted as the horizontal line) by Hpd at each of the 6 POD po-
sitions. Grey shaded areas represent 95% confidence intervals. Grey shaded vertical boxes indicate the area that is reported as 



the range of the possible duration of the effect
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the overall average includes data that are influenced
by pile driving, so it cannot be seen as a ‘normal’ base-
line value for the construction period, especially where
the effects of pile driving were long lasting. As it was
not possible to determine an exact baseline (due to the
short time interval between pile driving events), we
chose to report a range of effect duration based on
mean and first maximum activity levels as the best
available estimate of baseline activity during the con-
struction period. Due to the biased average, however,
the reported upper limit of the effect duration is more
likely than the lower limit. It becomes clear from in-
creasing confidence intervals in the graphs that with
more time elapsing after pile driving, predictive power
of the GAM decreases. This is caused by a substantial
decrease in sample size, as only a few pile driving
events were >50 h apart.



Another additional factor that may contribute to a
comparably long-lasting effect in the immediate vicin-
ity to the pile driving location could be increased ship-
ping activity that continues for some time after pile
driving is finished. However, this noise is unlikely to
have caused effects at distances of up to 18 km. A fur-
ther confounding factor is that porpoise behaviour may
have changed due to the deployment of the scaring
devices. Considering the scale of the observed effect,
this seems unlikely. Pingers have been found to deter
harbour porpoises to distances of only 100 to 200 m
(Kraus 1999, Barlow & Cameron 2003, Kastelein et al.
2006). Seal scarers on the other hand were found to
deter porpoises up to a distance of between 1 and
3.5 km (Olesiuk et al. 2002, Johnston 2002). The source
level of the Lofitech seal scarer as reported by the
manufactures is 189 dB re 1 µPa peak whereas pile dri-
ving is considerably louder. However, the main energy
of the seal scarer signal is at higher frequencies (about
14 kHz) than that of pile driving. Porpoises may be
more sensitive to noise at those higher frequencies
because their hearing threshold at 14 kHz is at least
40 dB lower than at 500 Hz (Kastelein et al. 2002).
However, during measurements at another construc-



tion site in the North Sea, where the same
seal scarer model was used, the signal from
the seal scarer was not found to be louder
than that of pile driving at 14 kHz (Betke &
Matuschek 2010). An effect of the seal
scarer on porpoise activity would thus not
be expected to reach as far as 18 km. Nev-
ertheless, porpoise responses to pile dri-
ving, especially at close distances, are con-
founded by the use of scaring devices.
However, as pile driving during windfarm
construction in European waters always
involves the deployment of pingers and
seal scarers, the inability to differentiate



these effects does not compromise conclusions about
the effects of windfarm construction on harbour por-
poises in Europe.



The median time between succeeding pile driving
events was 16 h, during which porpoise activity did not
fully recover at a distance up to about 4.8 km, as the
effect of pile driving on PPM/h lasted longer than 16 h
at that distance. Consequently, porpoise activity close
to the pile driving site was lower than expected during
the whole 5 mo of the construction period. This is indi-
cated by a significantly lower mean value for PPM/h
during the construction period as compared to PPM/h
values recorded in the baseline period up to a distance
of 4.8 km (POD position 3); while at greater distances
the difference between baseline and construction
period is less apparent due to a much shorter-lasting
effect of pile driving on PPM/h.



The spatial scale of porpoise responses that we found
are in line with the 20 km range that has been previ-
ously suggested (Tougaard et al. 2009, Thompson et al.
2010). However, using a gradient sampling design this
study is the first to demonstrate at what distance pile
driving noise no longer negatively affected porpoise
activity. Furthermore, in the vicinity of the construction
site, the effect demonstrated during this study lasted
considerably longer than has been previously de-
scribed by Carstensen et al. (2006) at Nystedt and by
Tougaard et al. (2009) at Horns Rev I. Pile diameter at
Horns Rev I (4 m) and thus probably source levels dur-
ing pile driving were almost identical to this study at
Horns Rev II, and therefore this discrepancy is surpris-
ing. However, these studies are not directly compara-
ble because Carstensen et al. (2006), Tougaard et al.
(2009) and Thompson et al. (2010) analysed the dura-
tion of waiting times between 2 consecutive porpoise
encounters while we analysed PPM/h. In cases where
baseline data from previous years are not available (as
during this study) we find PPM/h to be a better para-
meter to analyse how porpoise activity is affected by
pile driving, because it allows the tracking of the post-
pile driving increase in porpoise activity on a fine tem-
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Table 4. Mean porpoise activity (porpoise positive minutes per hour, PPM/h)
in the first hour after pile driving (Hpd), overall means and means for all
hours >70 Hpd, for each POD position. Sample sizes are given in brackets.
The change in PPM/h during the hour after pile driving relative to the other 



2 means is also shown



POD Mean PPM/h Change
position 1 Hpd Overall >70 Hpd (%)



1 0.0 (70) 0.9 (3192) 1.8 (356) –100
2 0.0 (36) 1.0 (2304) 1.0 (207) –100
3 0.0 (37) 1.1 (2400) 0.6 (232) –100
4 3.9 (51) 6.2 (1896) 5.7 (328) –32 to –37
5 2.9 (70) 4.3 (3528) 5.7 (356) –33 to –49
6 4.6 (54) 4.7 (3505) 3.5 (356) –2 to +31
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poral scale. T-PODs during studies by Carstensen et al.
(2006), Tougaard et al. (2009) and Thompson et al.
(2010) were deployed according to a BACI design,
whereas we used a gradient sampling design that bet-
ter enables one to detect how temporal effects differ
with distance.



The PPM/h variable provides relative indices of
porpoise activity but cannot at present be directly
translated into porpoise density. However, previous
studies have found these parameters to correlate
broadly with porpoise densities obtained from porpoise
sightings (Tougaard et al. 2006, Siebert & Rye 2008).
So porpoise acoustic activity seems to be linked to
some extent to relative changes in porpoise densities
although behavioural parameters may well play a vital
role here also. Considering a maximum swimming
speed in harbour porpoises of about 4.3 m s–1, it is sur-
prising that we found an instant effect of pile driving
on porpoise acoustic activity at distances of 18 km, and
the same applies to results by Tougaard et al. (2009). If
a decrease in acoustic activity reflected animals mov-
ing out of the affected area, one would assume a
delayed decrease at greater distances because animals
leaving the near vicinity have to pass PODs at greater
distances. It might be argued that declining acoustic
activity in the area does not reflect a decrease in den-
sity but simply a change in the animals’ behaviour
such that porpoises remain silent after pile driving and
use their sonar less frequently. Studies on other
cetacean species such as pilot whales, sperm whales
and Cuvier’s beaked whales indeed have documented
such a response to other noise exposures (for review,
see Weilgart 2007). Mostly, whales remained silent or
reduced vocalising activity during noise exposure but
resumed normal activity shortly after the noise
stopped. Conversely, some studies have described an
increase in vocalisation by pilot whales during noise
exposure (Rendell & Gordon 1999). Two studies also
addressed this issue in harbour porpoises: Koschinski
et al. (2003) found no significant difference in the use
of echolocation by porpoises when subjected to turbine
noise; Teilmann et al. (2006) found echolocation activ-
ity of harbour porpoises to decrease in 3 out of 25 ses-
sions when various frequency sounds with a source
level of 153 dB re 1 µPa (rms) were played back to
them. Although during this study, porpoises in the
vicinity of pile driving might have reduced echoloca-
tion activity as a response to the sound of pile driving,
we see no convincing reason why animals that rely on
their sonar for orientation and foraging should cease
doing so for over 20 h after pile driving noise stopped.
We think that the decrease in acoustic activity is the
result of a combined effect on porpoise behaviour and
abundance. If animals change from foraging and rest-
ing behaviour to moving away from a noise source, this



will result in a more directional movement. Consider-
ing the high directionality of the porpoise echolocation
beam, this may greatly reduce the possibility of a click
being recorded by the T-POD. Even if it takes some
time for the animals to move out of the area, this
change in behaviour will cause a direct effect on por-
poise acoustic activity as recorded by T-PODs.



The difference of sound levels of about 12 dB mea-
sured between 720 m and 2300 m is quite high for the
North Sea. A study conducted by the German Navy
(Thiele & Schellstede 1980) suggests a level decay of
~8 dB in the major frequency range of pile driving
noise over such a distance. However, the present study
was located in relatively shallow water (about 4–14 m),
where sound propagation is known to be highly
variable and difficult to predict. As a major effect,
transmission loss at low frequencies is affected by the
water depth. Below a cut-off frequency, no sound
propagation is possible (Jensen et al. 2000). This effect
cuts off low-frequency components of the noise and
can thus reduce its peak level and broadband SEL. The
cut-off frequency is not only a function of water depth,
but also of the impedance of the lower boundary of the
propagation channel, that is, of the physical properties
of the sediment. These, however, are often unknown.
At 5 m water depth, for example, the cut-off can vary
from about 80 to 300 Hz. The spectral maximum of the
pile driving noise at Horns Rev II was found to be
between 80 Hz and 200 Hz. As effects on porpoises
depend highly upon sound propagation characteristics
in the area, caution needs to be applied when trying to
extrapolate our results to other areas.



To assess the effects of underwater noise on marine
mammals, Southall et al. (2007) proposed a frequency-
weighting procedure to take the hearing abilities of
marine mammals into account, and a procedure to ac-
count for cumulative exposures. For the group of high-
frequency cetaceans such as the harbour porpoise, the
onset of hearing impairment, defined as a Temporary
Threshold Shift (TTS), would be reached at 183 dB re
1 µPa2 s  SEL and Permanent Threshold Shift (PTS) at
198 dB re 1 uPa2 s SEL (all M-weighted) (Southall et al.
2007). During this study the cumulative M-weighted SEL
level reached a maximum of 194 dB re 1 µPa2 s at 720 m
distance. Therefore the noise level where Southall et al.
(2007) predicted PTS to occur in high-frequency
cetaceans was not reached at this distance. However, a
noise level of 183 dB re 1 µPa2 s, where they predicted
TTS to occur, was reached after about 1.5 min. At 2300 m
distance the cumulative M-weighted SEL level
reached a maximum of 182 dB re 1µPa2 s. This was
therefore below PTS and TTS levels as predicted by
Southall et al. (2007). However, recent work by Lucke et
al. (2009) indicates that harbour porpoises may be more
sensitive to noise exposures than was suggested by
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Southall et al. (2007) for high-frequency cetaceans. Ex-
posing 1 individual to single airgun stimulus, they found
the animal to suffer TTS at 199.7 dBpk-pk re 1 µPa, and a
sound exposure level of 164.3 dB re 1 µPa2 s. According
to this measure, a porpoise would have suffered TTS im-
mediately at 720 m and after about 2 min at 2300 m dis-
tance during this study.



With a maximum swimming speed of about 4.3 m s–1



(Otani 2000), a porpoise should be able to leave the
750 m radius in about 3 min. According to both TTS
criteria proposed by Southall et al. (2007) and Lucke  et
al. (2009) this would not be enough time for a porpoise to
escape TTS. It might further be argued that animals are
willing to endure potentially harmful sound levels when
essential resources exist in the area. Especially in birds,
many studies have shown more risk-taking behaviour
when starvation risk increases (e.g. Cresswell & Whit-
field 2008), and porpoises may equally endure harmful
noise if by leaving the area they face a higher risk of star-
vation. At present, no data on this subject are available
for harbour porpoises. Limited information on the levels
at which anthropogenic noise causes hearing impair-
ment in high frequency cetaceans and the discrepancies
between TTS levels published by Southall et al. (2007)
and Lucke  et al. (2009) show that caution is required
when applying TTS and PTS criteria. However, results
from noise measurements during this study clearly show
that mitigation measures such as the use of bubble cur-
tains and scaring devices are to be recommended to pre-
vent individuals from the risk of injury from pile driving
operations, and further studies into the effectiveness of
these measures are needed (Nehls et al. 2007).



CONCLUSIONS



Using passive acoustic monitoring, this study
revealed a marked negative influence of pile driving
on the acoustic activity of harbour porpoises. At 24 to
72 h in close proximity to the construction site, the tem-
poral scale of this effect lasted much longer than found
in previous studies. The duration of the effect declined
with increasing distance, and no negative effect was
found at a mean distance of 22 km. This information
should be considered during future scheduling of pile
driving activities within and between wind farms in
European waters. Furthermore, sound measurements
conducted during pile driving indicate that hearing
impairment could potentially have occurred close to
the construction site. Both the risk of hearing impair-
ment in harbour porpoises and the far reaching distur-
bance effect highlight the necessity to develop suitable
mitigation procedures. Here attention should espe-
cially be given to the development of measures that
aim to reduce noise emission into the water.
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INTRODUCTION



Offshore wind power is a rapidly expanding industry
in Northern Europe, where several large offshore wind
farms are under construction in nearshore waters,
many having high densities of marine mammals. The
construction and operation of offshore wind farms are
disturbing the marine environment, and as such pose a
potential threat to marine mammal habitats. In par-
ticular, shallow areas are believed to be important to
the harbour porpoises Phocoena phocoena for calving
and nursing (Koschinski 2002). The largest offshore
wind farms today consist of up to 80 wind turbines
covering some 20 to 30 km2. Foundations are either
steel monopiles driven into the seabed with large pile



drivers, or concrete gravitational foundations placed
on pebble cushion layers. The major disturbances to
marine mammals arising from the construction are
noise from ramming and other building activities,
boats and barges, whirled-up bottom sediments, and
destruction of bottom flora and fauna. Hitherto, the
impacts of offshore construction work on harbour por-
poises or other small cetaceans have not been studied
in detail. Given the extensive plans for expanding the
offshore wind energy sector, it is important to know the
effect of single wind farms as well as the cumulative
effect of several wind farms within the range of each
marine mammal population.



In 2002 and 2003, the Nysted Offshore Wind Farm
was constructed in a coastal shallow area (between 6
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ABSTRACT: Offshore wind farming is a new emerging technology in the field of renewable energies.
This study investigates the potential impact of the construction of one of the first major, offshore wind
farms (>100 MW) on harbour porpoises Phocoena phocoena by means of acoustic porpoise detectors
(T-PODs) monitoring porpoise echolocation activity. The monitoring program was established as a
modified BACI (before, after, control, impact) design, with 6 monitoring stations equally distributed
between the impact area and a nearby reference area. Mean waiting times, defined as the period
between 2 consecutive encounters of echolocation activity, increased from 6 h in the baseline period
to 3 d in the wind farm area during the construction. This increase was 6 times larger than changes
observed in the reference area. One specific construction activity, involving the ramming and
vibration of steel sheet piles into the seabed, was associated with an additional significant increase in
waiting time of 4 to 41 h, in both the construction and reference areas. Assuming that echolocation
activity is related to harbour porpoise density, the analysis shows that their habitat-use changed
substantially, with the porpoises leaving the construction area of the offshore wind farm. Acoustic
monitoring from fixed positions provides data with a high temporal resolution, but low spatial reso-
lution, which can be analysed at a variety of scales, and can be applied to harbour porpoises and
other echolocating cetaceans.
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and 9.5 m depth) in the Danish part of the western
Baltic Sea 54° 30’ N, 11° 40’ E (Fig. 1). The sea floor
consists of glacial depositions made of sand/silt with
scattered stones. The water is brackish, and salinity
varies with the surface outflow from the Baltic Sea and
more saline water intrusion from the North Sea
through the Kattegat and the Belt Sea. Tidal amplitude
is less than 0.5 m but strong winds may change water
depth by an additional 1 to 2 m. In a 8 × 9 grid covering
a total of ca. 24 km2 72 wind turbines (2.2 MW each)
with concrete gravitational foundations placed on
pebble cushion layers, were constructed (Fig. 1).



The only dedicated surveys for harbour porpoises in
the western Baltic area were carried out during the
summers of 1991, 1992, and 1994 about 30 km west
of the wind farm area, where an average density of
0.10 porpoises km–2 was found (Heide-Jørgensen et
al. 1992, 1993, Hammond et al. 2002). Hence, the wind
farm area is located between a relatively high density
area including the Kattegat and the Great Belt
(0.73 porpoises km–2, Hammond et al. 2002) and the
low density Baltic Proper with <0.01 porpoises km–2



(Koschinski 2002). In fact, the highest density of har-
bour porpoises (4.9 porpoises km–2) for Europe was
reported in a small-scale study in the Belt Sea located
about 100 km from the wind farm area (Teilmann
2003). Harbour porpoises were regularly seen through-
out the year during aerial bird surveys conducted in



the wind farm area before the construction work
started (Bach et al. 2000). Satellite tracking of 52 har-
bour porpoises in the inner Danish waters during 1997
to 2002 has shown that the wind farm region is regu-
larly visited for short periods at a time, but that the nor-
mal harbour porpoise home ranges are several orders
of magnitude larger than the wind farm area (Teil-
mann et al. 2004). The harbour porpoises in the west-
ern part of the Baltic Sea are most probably part of a
greater population including the Belt Sea and the
Kattegat (Teilmann et al. 2004).



Harbour porpoise monitoring has traditionally been
carried out by means of shipboard surveys to calculate
area- and time-specific densities. Because of the few
visual observations during pilot surveys in the area, it
was argued that the statistical power of this method
would be low (Bach et al. 2000). Instead, we have em-
ployed a novel device, the T-POD (The POrpoise De-
tector) a self-contained acoustic data logger (Thomsen
et al. 2005), which monitors the harbour porpoise echo-
location activity continuously at fixed positions. The
T-POD was chosen for this impact study, assuming that
echolocation activity was related to harbour porpoise
density, as suggested by the study of Koschinski et
al. (2003), because it provided a wealth of data at a
reasonable cost.



The objective of the present study was to assess and
document the impact of the construction of the Nysted



296



Belt Sea



North Sea



Denmark



Sweden



Kattegat



North
Sea Baltic Sea



Germany



N
0                5               10



Kilometre



–5



–15



–25
–20



–10 –5



–5



–5



–5



–15



–10



–10–10



Imp. N



Imp. W Imp. E



A8



Ref. N



Ref. M



Ref. S



Fig. 1. Nysted Offshore Wind Farm in the western part of the Baltic Sea. The 72 wind turbines (x) are placed in a 8 × 9 grid.
Foundation A8 (southwestern corner), where the sediments were stabilised with steel sheet piles, is located in the southwestern
corner of the wind farm. (�) Positions of porpoise detector (T-POD) deployments (Imp. W, E, N = 3 stations examined in impact



area, Ref. N, M, S = 3 stations in reference area). Depth contours (m) are shown
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Offshore Wind Farm on harbour porpoise density by
describing (1) changes in harbour porpoise echoloca-
tion activity related to the whole construction period
(medium-term response), and (2) changes in harbour
porpoise echolocation activity related to steel sheet
pile driving/vibration at a single wind turbine founda-
tion (short-term response). Long-term responses to the
operation of the wind farm will be investigated in the
coming years. 



MATERIALS AND METHODS



The construction of the Nysted Offshore Wind Farm
began in mid-June 2002 and continued until the wind
farm was put into operation on 1 December 2003. Main
activities included excavation for, positioning and bal-
last-filling of concrete foundations (June 2002 to June
2003), mounting of wind turbines (May to July 2003),
and digging, laying and covering of the connecting
power grid (August 2002 to November 2003). Around
1 of the 72 foundations (A8, Fig. 1), the seabed had to
be stabilised with steel sheet piles that were driven
into the sediments using a pile driver and a barge-
mounted vibrator. This activity occurred intermittently,
with either the vibrator or the pile driver in continuous
operation for periods of 1.5 to 10 h for a total of 25 d
from 26 August to 20 November 2002. The start and
ending of the ramming/vibration activity was recorded
exactly to the minute. Acoustic harassment devices
(harbour porpoise pinger and seal scarer) were em-
ployed near (<200 m) this foundation from 30 min be-
fore and up to the end of the ramming/vibration ac-
tivity. Ambient noise levels from construction activities
and harassment devices were not measured. Prelimi-
nary activities in the impact area up to 1 July 2002
were considered negligible and at least not substan-
tially different from the normal boating activity,
whereas construction activities from July 2002 to No-
vember 2003 were hypothesised to have a potential
impact on harbour porpoises Phocoena phocoena.



T-POD monitoring. The T-POD is a self-contained
submersible computer and hydrophone that recogni-
ses and logs echolocation clicks from porpoises and
dolphins (Thomsen et al. 2005). Clicks (click duration
and repetition rate) within the appropriate frequency
bands of the harbour porpoise echolocation spectrum
are logged and can be retrieved from the T-POD to a
PC during maintenance visits. A software program
accompanies the T-POD with an algorithm for de-
tecting the characteristic harbour porpoise click-trains,
while removing noise from boat sonars or other short
duration click-like sounds having the same spectral
properties as echolocation clicks (see www.chelonia.
demon.co.uk for more details). It has a spatial cover-



age up to a radial distance of 170 m (Koschinski et
al. 2003).



The porpoise echolocation activity was monitored by
deploying T-PODs at 3 positions within the wind farm
impact area (Imp. W, N, E) and at 3 positions in a re-
ference area 10 km east of the wind farm (Ref. N, M, S;
Fig. 1). No prior information existed on the specific
porpoise densities in the impact and reference areas,
and the reference area was chosen to reflect similar
bathymetry, bottom features and distance from shore
as the impact area. In the impact area, the T-PODs
were deployed in a triangle 1.9 km apart to cover
the central part of the wind farm area, whereas the
reference area was chosen as a N–S transect, with
1.9 km between deployments to avoid interference
with shipping lanes (Fig. 1). Distances from Founda-
tion A8 to the deployment sites were 2.1, 4.0 and
4.0 km to Imp. W, N and E, respectively, and 15.3, 15.4
and 15.7 km to Ref. N, M and S, respectively.



The T-PODs were moored with a concrete block and
a small anchor for easy recovery and maintenance of
the device (Fig. 2); they were retrieved, the batteries
changed (6 × 3.6V lithium D-cell batteries) and the
data saved on a laptop approximately every 60 d.
Technical problems resulted in some data loss (gaps in
the time series), but T-PODs were in operation both
before and during construction at all 6 positions. The
T-POD data used in this study was separated into 2 dis-
tinct periods: a baseline period (November 2001 to
June 2002) and a construction period (July 2002 to
November 2003) that included the construction activi-
ties that could potentially affect the harbour porpoises
in the area. Some T-PODs were lost and replaced with
new ones at 3 positions (1 in the impact area and 2 in
the reference area) during the course of the construc-
tion period. Each individual T-POD was deployed at
the same station during the entire study to avoid con-
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Fig. 2. T-PODs deployment. Anchor and buoy are connected
to concrete block with 12 mm stainless-steel strengthened
ropes. In shallow and calm waters T-POD can be retrieved by
hand, should the small float be lost; the T-POD must be



retrieved by diver or with a crane
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founding instrument variation with temporal shift from
baseline to construction, and fortunately, the T-POD
replacements did not coincide with this investigated
change.



All T-PODs used in this study were Version 1, equip-
ped with external transducers and equivalent configu-
ration. For each T-POD, all 6 channels/scans were set to
the identical default values for harbour porpoises:
(1) Filter A = 130 kHz; (2) Filter B = 90 kHz; (3) ratio = 5;
(4) Q-value for Filter A = 5; (5) Q-value for Filter B = 18;
(6) sensitivity threshold = 0; (7) maximum number of
clicks = 240 clicks 9 s–1; (8) minimum click duration =
10 μs. After retrieving the data from the T-PODs, harbour
porpoise click-trains were identified using the ‘low
probability cetacean train’ algorithm of the T-POD soft-
ware, and the number of clicks min–1 was exported for
subsequent data analysis (www.chelonia. demon.co.uk).



Statistical analysis. Porpoise click-trains were fre-
quently observed as short distinct periods of high echo-
location activity separated by longer periods with no ac-
tivity (silent period). The exported time series of clicks
per minute were converted into ‘porpoise encounters’,
defined as a series of harbour porpoise clicks of any
length when silent periods <10 min, a value chosen from
examination of time series plots of data. Click series sep-
arated by silent periods of >10 min were consequently
defined as 2 separate encounters. The period between
harbour porpoise encounters was denoted ‘waiting time’
and used as a proxy indicator for harbour porpoise den-
sity in the statistical analysis. It should be stressed that
because of differences in deployments at the stations
and loss of T-PODs the data available for the statistical
analysis was balanced in neither space nor time.



Waiting times were analysed according to a modified
BACI design (Green 1979) that included station-spe-
cific, T-POD specific, and seasonal variation. The BACI
(before, after, control, impact) design can be viewed as
a variant of the split-plot design, since the 2 levels of
the treatment (baseline versus construction) were not
observed simultaneously. In the present design, the
month of the observation was included as an additional
blocking factor (split-split-plot design) to account for
seasonal variation, such that waiting times were com-
pared over the same months in progressive years. This
is valid, because there was replication of months
within the 2 yr monitoring period. The model for the
waiting times (Yt), after subtracting 10 min and log-
transformation, was:



where μ is the overall mean, a = area has 2 levels (con-
trol, impact), p = period has 2 levels (baseline, con-
struction), m = month has 11 levels (February to
December), S = station has 6 levels (Imp. N, W and E;
Ref. N, M and S), and T = T-POD has 9 levels (T-POD
identification number = 7, 14, 17, 43, 47, 48, 56, 67, 71).
There were 18 different plots, denoted by R = plot
in Eq. (1), where sampling was random within area,
station and T-POD. Subscript letters in Eq. (1) are
indices for different levels of the effects in the model.
The model in Eq. (1) has 4 fixed effects (indicated by
lowercase letters), where ‘area’ describes the spatial
variation between control and impact area, ‘month’
describes the seasonal variation by means of monthly
values and ‘period’ describes the stepwise change at
the onset of the construction work, whereas ‘area ×
period’ describes a difference in the stepwise change
between the 2 areas. The random effects of the model
(indicated by uppercase letters) were ‘station(area)’
describing the station-specific variation nested within
the 2 areas, ‘tpod(area station)’ describing the T-POD
specific variation within the 3 stations where the equip-
ment was replaced during construction, ‘plot’ describ-
ing the variation between months of monitoring, and
24 interactions. The significance of the random effects
was tested and insignificant random effects were
pooled with the residual variation.



The interaction area × period, also referred to as the
BACI effect, therefore described a stepwise change
in the impact area different from that in the reference
area. Marginal means for the different factors of the
model were calculated and back-transformed to mean
values on the original scale using the moment’s trans-
formations of the log-transform (p. 285 in McCullagh &
Nelder 1989) and adding the 10 min threshold. The
BACI effect, having 1 numerator degree of freedom,
was also calculated explicitly as a contrast of the
marginal means for the 4 combinations of area and
period, and



(2)



where E[ ] denotes the expectation values. Thus, the
exponential of the contrast described the relative
change from the baseline to the construction period in
the impact area relative to the reference area.



The model in Eq. (1) can be formulated within the
framework of general, linear, mixed models 
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Y = Xββ + Zu + e (3)



where Y is the vector of observations, X is the design
matrix for the fixed effects, ββ is the vector of parameters
for the fixed effects, Z is the design matrix for the
random effects, u is the vector of random effects with
covariance matrix G, and e is the vector of the residuals
with the covariance matrix R. The temporal variation in
waiting times was assumed to follow an overall, fixed,
seasonal pattern described by monthly means, but fluc-
tuations in the harbour porpoise density in the region
on a shorter time scale may potentially give rise to serial
correlations in the observations. For example, if a short
waiting time is observed, the next waiting time is likely
to be short as well. In order to account for any auto-
correlation in the residuals, we formulated a covariance
structure for the residuals (R ≠ σ2I) by means of an
ARMA(1,1)-process (Chatfield 1984) subject to waiting
times observed within separate deployments, i.e. com-
plete independence was assumed across gaps in the
time series. Thus, this model included an extension to
the general linear theory (e.g. McCullagh & Nelder
1989) by mixing fixed and random effects (McCulloch
& Searle 2001).



In the BACI design, the overall seasonal variation
was assumed to be identical for the 2 areas, since
they were located relatively close to each other and
with similar bottom and depth properties. This basic
assumption was investigated with the following model
employed on baseline data only:



(4)



where the first 2 factors of the model have the same
interpretation as in Eq. (1), and the interaction area ×
month describes systematic differences in the seasonal
variation of the 2 areas; 2 random effects, station(area)
and station(area) × month, were also included. None of
the T-PODs were replaced during baseline, and there-
fore the effect T-POD (area station) was completely
confounded with station(area). There was no replica-
tion of months for the baseline data and therefore this
analysis was carried out using a factorial block design.
If the interaction area × month in Eq. (4) is significant,
temporal variations in harbour porpoise density may
not be comparable for the 2 areas, jeopardising the
BACI design. Therefore, we examined the conse-
quences for the interaction area × month by eliminat-
ing data from individual stations separately. The
ARMA(1,1) covariance structure of R was also applied
to this model (Eq. 4).



The T-POD-specific variation was nested within sta-
tions, and similarly the station-specific variation was
nested within areas in Eq. (1). This implied that the
factors area and station(area) were a combination of
spatial variation and T-POD-specific sensitivity. How-



ever, the interaction (area × period) remained unaf-
fected by this, because the T-PODs were not inter-
changed between stations during the study period and
consequently the testing for a potential effect of the
construction work in the impact area was not biased
by differences in T-POD sensitivity. The hierarchical
structure for area, station and T-POD-specific variation
was chosen in favour of crossing the T-POD-specific
variation with the spatial variation, because shifting
the T-PODs between stations would require additional
substantial effort, with a risk of the T-POD-specific
variation being partly or even totally confounded with
the BACI effect (area × period). 



To investigate the short-term effect of ramming/
vibration activity in the period from 25 August to
20 November 2002, the first and second encounter
after this specific construction activity had ceased were
identified, and the corresponding waiting times prior
to these encounters were analysed to investigate if
waiting times (first and second separately) following
ramming/vibration activity were different. For each
station, the distribution of first waiting times was com-
pared to the distribution of all other observations dur-
ing this specific period, and similarly, the distribution
of second waiting times was compared to the distribu-
tion of all observations except first and second waiting
times. For this analysis, the correlation parameters of
the ARMA(1,1)-process in the covariance structure R
were not estimated, but set to the values obtained from
analysing all data according to Eq. (1), since the num-
ber of observations in this specific period was limited.
In order to account for different magnitudes of varia-
tion between first, second and other waiting times, dif-
ferent variance parameters in R for these 3 categories
were estimated, but the correlation parameters be-
tween observations in time were fixed.



The statistical analyses were carried out within the
framework of mixed linear models (Littell et al. 1996,
McCulloch & Searle 2001) by means of PROC MIXED
in the SAS system. Statistical testing for fixed effects
(F-test with Satterthwaite approximation for denomi-
nator degrees of freedom) and random effects (Wald Z )
were carried out at a 5% significance level (Littell et al.
1996). The F-test for fixed effects was partial, i.e. con-
sidering the specific contribution of the given effect in
addition to all other factors.



RESULTS



The 9 T-PODs used in this study were deployed at
the 6 stations for a total of 1617 d, with approximately
47% more deployment days in the impact area than in
the reference area (Table 1). During the days of de-
ployment, 3704 waiting times were recorded at the
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6 stations with an almost equal number of observations
before (n = 1727) and during (n = 1977) construction,
although the T-PODs were deployed for considerably
longer periods during the construction. The average
waiting time increased at all stations from the baseline
to the construction period, but the increase was con-
siderably larger in the impact area (Table 1). The
monitoring stations were not in continuous operation
throughout the entire study period, but the time series
from the different stations were overlapping to com-
prise combined time series for both the reference and
the impact area spanning both the baseline and the
construction periods. Consequently, data from the dif-
ferent stations were compared through the assumption
of a common seasonal pattern.



The change in harbour porpoise echolocation activi-
ty in the impact area was also visible from time series
plots (Fig. 3), whereby the observed waiting times
never exceeded 2 d in the baseline period, but
numerous encounters were separated by more than
1 wk (~10 080 min) during the con-
struction period. In fact, at Stn Imp. W,
no harbour porpoise click-train was
recorded over a 38 d period from
25 February to 4 April 2003. Waiting
times were generally longer in the
winter period and shorter in the sum-
mer period, during both the baseline
and construction periods (Fig. 3). The
replacement of T-PODs at 3 stations
did not introduce any clearly visible
systematic shift in the waiting time
levels (Fig. 3).



Investigating the spatial and tempo-
ral variations of the waiting times
using baseline data only revealed that
the area-specific monthly means were



not common to both the control and impact area. The
significance of area × month in Eq. (4) was potentially
due to data from 1 of 3 stations (Imp. E, Ref. N, or
Ref. S), but excluding data from Ref. N yielded the
most similar seasonal means for the 2 areas (highest
p-value) and the least residual variation (Table 2).
Thus, the assumption of common temporal variations
in harbour porpoise echolocation activity throughout
the investigated area was not compromised, provided
that data from Ref. N were excluded from the baseline
data analysis. Removing the least significant factor,
area × month, from the model (Eq. 4) of the baseline
data after excluding Stn Ref. N showed a significant
seasonal variation (F4, 56.7 = 11.60; p<0.0001), but no
significant variation between the reference and impact
areas (F1, 2.97 = 2.00; p = 0.2531). None of the random
effects were significant (σ2



station(area) = 0.1065; Z = 0.97;
p = 0.1657 and σ2



station(area) × month = 0) and they were
much smaller than the residual variation (σ2 = 2.2789;
Z = 26.45; p < 0.0001).
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Data used area × month statistics Residual 
in model df Den df F p variance



All stations 2 65.0 3.88 0.0257 2.3556
Excl. Imp. N 2 55.9 3.82 0.0279 2.3998
Excl.  Imp. W 2 47.1 3.57 0.0359 2.3542
Excl. Imp. Ea 2 39.9 2.63 0.0843 2.4011
Excl.  Ref. N 2 62.0 2.11 0.1294 2.2757
Excl. Ref. M 2 36.7 4.91 0.0128 2.3945
Excl.  Ref. S 2 65.9 2.67 0.0765 2.3359



aThis model was run without station(area) × month to obtain convergence



Table 2. Phocoena phocoena. Analysis of area-specific monthly means for
waiting times according to Eq. (4), using baseline data only, for all stations and
excluding (excl.) individual stations. Statistics for factor area × month are shown
only. Denominator degrees of freedom (Den df) computed by Satterthwaite’s 



approximation (Littell et al. 1996)



Stn T-POD Logging period Days Baseline Construction
no. (d/mo/yr) deployed n Avg. (min) n Avg. (min)



Impact area
Imp. N T-POD47 8/4/2002 – 8/10/2003 216 173 320 129 1707
Imp. W T-POD56 14/11/2001 – 30/11/2003 402 509 233 319 1363
Imp. E T-POD67 8/4/2002 – 8/8/2002 123 545 215 117 465



T-POD71 5/2/2003 – 30/11/2003 222 66 4353
Overall 963 1227 237 631 1580



Reference area
Ref. N T-POD14 3/5/2002 – 23/9/2002 126 138 599 127 709



T-POD17 12/8/2003 – 1/9/2003 21 3 7827
Ref. M T-POD43 8/4/2002 –  30/11/2003 345 221 406 807 485
Ref. S T-POD48 4/4/2002 – 5/4/2003 117 141 311 101 1117



T-POD7 7/10/2003 – 30/11/2003 45 308 199
Overall 654 500 433 1346 504



Table 1. Logging period showing number of days deployed, number of observations (n) and average waiting time for deployed 
T-PODs. Periods listed were combined of several deployments including long periods without data











Carstensen et al.: Porpoise responses to wind farm construction



BACI analysis



Except for 3 random (although not significant) ef-
fects, the majority of the random effect variances for
the full model in Eq. (1) were zero. After pooling those
effects with zero variance contribution with the resi-
dual variation, the 3 variance-contributing ran-
dom effects were still insignificant (Table 3),
and consequently, all random effects were
pooled with the residual variation.



The fixed factors in the BACI analysis
(Eq. 1) were all significant (Table 4). In the
reference area, the waiting times almost
doubled from the baseline to the construction
period (from about 9 to 20 h), whereas wait-
ing times in the impact area increased by
more than 1 order of magnitude (from about
5.5 h to 3 d). Although the waiting times be-



came longer during the construction in both reference
and impact areas, the increase in the impact area was
more than 6 times larger (BACI contrast of 1.8005)
than in the reference area. In the baseline period, har-
bour porpoise encounters were more frequent in the
impact area, but after construction began, the refer-
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Variance Estimate SE Wald’s p
contributing effect Z-test



Period × Month (PMjk) 0.7109 0.8105 0.88 0.1902
Plot × Area (RAil) 0.1126 0.1005 1.12 0.1313
Plot × Station (RSim(l)) 0.0729 0.0562 1.30 0.0974
Residuals 2.6208 0.0707 37.10 <0.0001



Table 3. Variance estimates and test for random effects in BACI (before,
after, control, impact) analysis after contributing effects of zero variance 



have been pooled with residual variation
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Fig. 3. Phocoena phocoena. Waiting times between harbour porpoise encounters in impact area (Stns Imp. N, W, E) and reference
area (Stns Ref. N, M, S). Grey shading: periods with no T-POD deployments; vertical lines indicate change from baseline to 



construction period. Note logarithmic scale
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ence area had the highest (although relatively low)
echolocation activity. 



The seasonal variation used to compare waiting
times across differences in the deployments had a pro-
nounced pattern (Fig. 4), with long waiting times in
February and March (means >1 d for both areas and
periods combined) and shorter waiting times in July to
November (means between 1.8 and 5.8 h for both areas
and periods combined). There were no data for Ja-
nuary, and the marginal means obtained from Eq. (1)
therefore expressed the expectation value for 11 mo
only. Long waiting times in February and March com-
bined with relatively fewer deployments resulted in
less than 20 observations in total for each of these
2 months, and consequently the monthly mean esti-
mates were more uncertain. There were also few ob-
servations from July in the reference area because of
the short deployment time.



The area- and period-specific marginal means
should be interpreted as the expected waiting time
over 11 mo (excluding January) in both the baseline
and construction periods, and the monthly marginal
means should be interpreted as the expected waiting
time in both areas combined. Finally, the BACI mar-
ginal means (Table 4) should be interpreted as the
expected waiting time over 11 mo (excluding January)
for the 4 combinations of area × period. The marginal
means of the model were generally higher than the
average values (Table 1) because there were consider-
ably more observations during the summer period,
with shorter waiting times.



Waiting times after ramming/vibration activity



In the period with ramming activity, 5 out of the
6 T-PODs were logging harbour porpoise echolocation
activity from 25 August to 12 October, and 8.7 to 20.8%
of the observations were identified as first and second
waiting times for these stations. First waiting times
measured the period elapsed between the first mea-
sured clicking bout after a ramming/vibration activity
session and the last measured bout, and thus included
some time from both before and during the session as
well as immediately after. First waiting times were
relatively high at all stations in both the impact and
reference areas, whereas the second waiting times
were on average level (Fig. 5). All 5 stations had a sig-
nificantly higher first waiting time (Table 5), whereas
the second waiting time after ramming/vibration activ-
ity was not different from the overall waiting time
between encounters at any of the stations during this
specific period (Table 6). 



Waiting times for the first encounter after ramming
activity had ceased increased significantly at all sta-
tions by factors of 9.0 for Imp N, 13.9 for Imp W, 9.0 for
Ref. N, 3.5 for Ref. M, and 6.1 for Ref. S (Table 5). The
first waiting time in the impact area was typically
35 to 50 h (means for the 2 stations) compared to the
‘normal’ level of 20 and 10 h for Imp. N and W, re-
spectively (Table 5). In the reference area, mean wait-
ing times (excluding first waiting time observations)
increased from 17, 7, and 6 h to 30, 11 and 19 h for the
first encounter after ramming activity for Ref. N, M and
S, respectively. The increase in the waiting time was
longer than the average duration of ramming/vibration
activity (5.5 h), including the deployment of harass-
ment devices, for all stations except Ref. M. The largest
increase was observed at Stn Imp. W, the station
closest to the site of ramming/vibration, where the first
waiting times were 41 h longer than other waiting
times in this specific period of ramming/vibration
activity. The analysis of first and second waiting times
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Factor df Den df F p



Area 1 36.1 7.17 0.0111
Month 10 107 7.06 <0.0001
Period 1 68.5 36.09 <0.0001
Area × Period 1 41.5 35.12 <0.0001



BACI marginal means
Reference Impact Overall



Baseline 542 min 337 min 427 min
Construction 1213 min 4483 min 2329 min



Overall 810 min 1219 min



Table 4. Phocoena phocoena. BACI analysis of waiting times
(3436 observations) between porpoise encounters at Nysted
Offshore Wind Farm. Data from Stn Ref. N were not included
in analysis.  Tests for fixed effects are shown above; marginal
means, calculated from parameter estimates and back-trans-



formed to original scale, are shown below
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Fig. 4. Phocoena phocoena. Monthly mean (± 95% CL) mar-
ginal distribution of waiting times after back-transformation.
Variations attributable to other significant factors in Eq. (1)
have been accounted for by calculating marginal means. Note 
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did not include seasonal variations during the ram-
ming/vibration period from the end of August to the
beginning of October, as these months had similar
mean levels (Fig. 4).



It was not possible to estimate the entire covariance
structure in the analysis of the first and second waiting



times because of the limited number
of observations. The covariance struc-
ture obtained from the BACI analysis
(Eq. 1) implied that consecutive wait-
ing times were positively correlated
(lag 1 = 0.1870 and lag 2 = 0.1720),
with a residual variance of 2.79 for the
transformed waiting times, which was
similar to the correlations obtained in
the analysis of baseline data only
(Eq. 4 without area × month) (lag 1 =
0.1330 and lag 2 = 0.1070), with a
residual variance of 2.28. However,
the residual variances of the first wait-
ing times were considerably lower
(0.15 to 1.25), whereas the variances
of the second and other waiting times
had magnitudes ranging from 2.51 to
3.61 (Table 5). These differences had
repercussions for the mean back-
transform using the moment transfor-
mation that included a contribution
from the variance of the transformed
variable (Tables 5 & 6). This was most
pronounced for Imp. N, where mean
levels were almost comparable al-
though the medians differed by 1
order of magnitude.



DISCUSSION



We have employed a novel tech-
nique for monitoring the echolocation
activity of harbour porpoises in order
to assess the potential impact during
construction of an offshore wind farm.
Although standard hydrophones have
been commonly used for monitoring
whales in general (e.g. Au et al. 2004),
documented studies using the auto-
nomous T-POD are still few (Cox et al.
2001, Culik et al. 2001, Koschinski et
al. 2003). Two T-PODs deployed in an
exhibition facility in Kerteminde, Den-
mark (www.gounderwater.com), log-
ged echolocation activity for about 4
to 9% of the time in which record-
ings were made (mean waiting times



approx 40 min, encounter duration approx. 10 min;
Teilmann et al. 2002) when the 2 captive porpoises
were present in the pool, whereas only 3 porpoise
encounters were recorded over 2 d without the captive
porpoises present in the pool. These recordings may
have originated from a wild porpoise approaching the
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Stn Log-transformed waiting time Waiting time
Waiting time n Mean Variance F p Median Mean



Imp. N
1st 15 7.44 0.43 52.08 <0.0001 1708 2121
2nd + other 57 5.24 3.61 199 1164



Imp. W
1st 13 7.40 1.25 52.99 <0.0001 1641 3062
2nd + other 95 4.77 3.24 128 604



Ref. N
1st 10 7.40 0.15 55.09 <0.0001 1647 1771
2nd + other 47 5.21 3.41 193 1017



Ref. M
1st 20 5.91 1.12 22.29 <0.0001 377 653
2nd + other 210 4.66 2.70 116 420



Ref. S
1st 9 6.44 1.16 20.54 0.0007 639 1133
2nd + other 81 4.63 2.51 113 372



Table 5. Phocoena phocoena. First waiting times (min) after ramming/vibration
activity had ceased versus second and other waiting times (min) from 25 August
to 12 October 2002. Distributions of log-transformed data were back-transformed
into median and mean waiting times by exponential function and moment 



transformation, respectively



Stn Log-transformed waiting time Waiting time
Waiting time n Mean Variance F p Median Mean



Imp. N
2nd 10 4.88 1.99



0.70 0.4142
141 364



Other 47 5.32 3.98 215 1506



Imp. W
2nd 11 4.29 2.49



1.11 0.3102
83 262



Other 84 4.83 3.33 135 673



Ref. N
2nd 8 4.58 4.31



0.93 0.3594
107 850



Other 39 5.34 3.24 218 1059



Ref. M
2nd 19 4.61 2.35



0.03 0.8634
110 335



Other 191 4.67 2.75 117 433



Ref. S
2nd 9 4.88 2.19



0.27 0.6121
142 403



Other 72 4.60 2.58 110 372



Table 6. Phocoena phocoena. Second waiting times (min) after ramming/vibra-
tion activity had ceased versus other waiting times (min) from 25 August to
12 October 2002. Distributions of log-transformed data were back-transformed
into median and mean waiting times by exponential function and moment 



transformation, respectively
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enclosure, which is only separated from the sea by a
net (Teilmann et al. 2002). Similar results were
obtained with captive porpoises in the Netherlands
(Thomsen et al. 2005). A study of wild harbour por-
poises in Fortune Channel, Vancouver Island, Canada,
showed that 98% of all visual observations within a
distance of 150 m from a T-POD were also detected
acoustically (Koschinski et al. 2003). Moreover, the
echolocation rate, i.e. occurrence of click-trains, in our
study (mean of 36.8 clicks min–1) corresponded well
with those (0 to 25 clicks min–1) reported by Akamatsu
et al. (1994) in a 2 wk study of 2 captive porpoises.



It is believed that harbour porpoises use their sonar
mainly for navigation and catching their prey (Møhl &
Andersen 1973), but there are no estimates of how fre-
quently free-ranging porpoises use their sonar. It must
be emphasised that captive individuals may not use
their echolocation as much as wild individuals due to
better visual conditions, no need to hunt for food, and
well-known surroundings. The angular range of their
sonar is rather limited (the 3 dB transmission beam
width is 16°; Au et al. 1999), suggesting that the
recorded echolocation activity may provide an under-
estimate of the ‘true echolocation activity’ within the
T-POD range of detection, depending on the por-
poises’ movement patterns.



Harbour porpoise monitoring



Methods of monitoring harbour porpoises have
mainly comprised abundance estimation by means of
transect surveys from ship or airplane (Hiby & Ham-
mond 1989). Estimating population sizes provides an
important basis for conservation strategies in relation
to the impact of bycatch in gillnet fisheries (Hammond
et al. 2002). Surveys may also provide a means for
environmental impact studies in localised regions such
as (e.g.) offshore wind farms. However, in areas with
relatively low harbour porpoise density, as in the SW
Baltic Sea, density estimates will have a relatively high
variance, which makes it difficult to obtain a reason-
able power for statistical testing of a potential impact.
Porpoise density estimates were also documented as
depending on sea state (Barlow 1988, Palka 1996, Teil-
mann 2003). Different observers and platforms for the
different surveys is another important source of varia-
tion that is not usually accounted for. Furthermore,
substantial changes in diurnal and seasonal diving
patterns (Teilmann et al. 2006b) are likely to bias
density estimates obtained from visual surveys. 



Acoustic monitoring by means of T-PODs provides
high-resolution data in time, but has limited spatial
coverage (Koschinski et al. 2003). New insight into sea-
sonal, diurnal and area-specific porpoise occurrence



can be obtained from this technique, particularly if the
data are combined with covariates (e.g. salinity, cur-
rents) hypothesised to influence distribution patterns
of harbour porpoises. As yet, echolocation activity has
not been, associated with density estimates, rendering
this technique less useful for some management tasks.
However, based on the present study we believe that
echolocation activity can be regarded as a proxy esti-
mate of relative abundance, making the T-POD an
important tool for impact assessments in relatively
small and defined areas.



Waiting time indicator



Continuous logging of environmental processes pro-
vides a whole new wealth of information, but places
considerable demand on data processing. The echo-
location activity recorded by the T-POD is a typical
point process, similar to (e.g.) precipitation measured
by tipping-bucket rain gauges. Although the threshold
of 10 min used to separate encounters was determined
empirically, this value appears reasonable from a bio-
logical point of view also. With an average swimming
speed of 1.5 m s–1 (Teilmann 2000), a harbour porpoise
would move 900 m in 10 min. With a T-POD detection
range of about 170 m (Koshinski et al. 2003), it thus
seems reasonable to use 10 min for separating encoun-
ters to obtain data that, although not entirely indepen-
dent, are not strongly correlated. However, the auto-
correlation suggests that there is still a significant
probability that an individual porpoise or group of por-
poises are being repeatedly recorded at successive
waiting times. The estimated correlation structure
shows that, beside the overall seasonal pattern, there
are some systematic temporal variations at the scale of
hours and days. The correlation between successive
waiting times could also be due to non-stationary
spatial patchiness in porpoise densities, such that
during some periods there is a high density in the
entire region leading to many short waiting times, and
at other times a low density resulting in a few long
waiting times. 



The porpoise-click recordings could potentially be
aggregated into lower frequency time series, e.g. daily
observations, and the BACI analysis carried out using
an appropriate transformation and distribution. How-
ever, in areas with a generally low density of harbour
porpoises, several consecutive days with zero observa-
tions might result, and daily observations potentially
reflect severe serial correlation. Therefore, the level of
temporal aggregation should depend upon the area-
specific porpoise echolocation activity. Encounters and
waiting times have the advantage that these data can
be combined with short-term disturbances such as
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ramming/vibration activity, whereas it is not possible
to detect potential impacts on the time scale of 24 h or
less from daily observations.



Monitoring designs



The T-POD deployments were planned as a sym-
metrical design with 3 stations in both the impact and
reference areas. The exclusion of data from Stn Ref.
N in combination with data losses from some deploy-
ments resulted in an uneven distribution of data over
time and space. Applying the waiting time definition
to the click-train recordings added to this skewness,
with considerably more data in the summer months.
Applying a seasonal variation in the BACI analysis
allowed comparison of data sampled across different
time periods. This asymmetry in both time and space
sampling is a modification of the original BACI design
(Green 1979), which did not consider several locations,
and the ‘Beyond BACI’ design (Underwood 1994),
which considered spatial replication in an asymmetri-
cal design, but with the given process being con-
sidered as sampled at the same time at all locations.
These designs have successfully been employed in a
variety of different impact studies such as sewage
outfall construction and removal (Archambault et al.
2001, Bishop et al. 2002), demersal trawling (Schratz-
berger et al. 2002, Rosenberg et al. 2003) and marine
constructions (Lewis et al. 2002).



Another modification of the traditional BACI design
was to incorporate a covariance structure for the resi-
duals by means of a stochastic process. The large
amount of data enabled consistent estimates of the co-
variance structure in the different analyses. Attempts
to estimate the ARMA (autoregressive moving aver-
age) parameters in the analysis of the first and second
waiting times after ramming activity were not success-
ful due to convergence problems of the optimisation
algorithm. Lack of data could be one reason why
temporal correlations are generally ignored in BACI
analyses and independent observations are assumed
from re-sampling the same location. Another approach
to accommodate temporal correlations is the appli-
cation of repeated-measures designs (Green 1993).



Construction impact



The present study documents a substantial effect on
the harbour porpoise echolocation activity from con-
struction activities in general (medium-term response)
and from specific ramming/vibration activities (short-
term response). The data indicate that the porpoises
avoided the construction area to a large extent or,



alternatively, that their density remained unchanged
but that they used their echolocation signals much less
due to (e.g.) noise from construction activities. How-
ever, Koschinski et al. (2003) found that harbour por-
poises used their echolocation more intensively when
wind-turbine noise was played back to them in the
wild. Teilmann et al. (2006a) found no change in
echolocation activity in captive harbour porpoises
when various high frequency sounds (100 to 140 kHz,
153 dB re 1 μPa (RMS) at 1 m) were played back, ex-
cept during the first exposure to these relatively loud
sounds, when the porpoises almost refrained from
echolocating for the full 5 min sound exposure. Based
on these experiments, it is unlikely that the harbour
porpoises in our impact area would have echolocated
less than in the reference area over the entire construc-
tion period. We contend that the recorded decrease in
echolocation activity was related to a decrease in the
density of the harbour porpoises.



The impact of ramming and vibration activity had a
substantial, but short-lived effect on harbour porpoise
activity at all stations, with significant increases in the
first waiting times only. These 2 sources of acoustic dis-
turbance during these construction activities had quite
different properties. Frequency range and noise levels
associated with the ramming/vibration activity were
not measured. Noise from similar pile-driving opera-
tions was reported by Würsig et al. (2000), who mea-
sured broad-band noise in the frequency range 100 Hz
to 25.6 kHz. The maximum octave band noise level
measured was 170 dB re 1 μPa (400 Hz centre fre-
quency) 250 m from the pile-driving site. Assuming
pure cylindrical spreading in the shallow water area
around the pile-driving site, this corresponds to a
source level of approximately 194 dB re 1 μPa.



The harbour porpoise pinger deployed near Foun-
dation A8 in connection with the ramming/vibration
activity transmitted 8 different frequency modulated
signals in the 20 to 160 kHz frequency bands, with
a maximum source level of 145 dB re 1 μPa (www.
aquatec.demon.co.uk). This sound device can be
sensed by the harbour porpoises at a maximum range
of 1600 m at Sea State 0 (Teilmann 2000). Given that
distances from Foundation A8 to the monitoring
stations were at least 2 km, it is unlikely that the
harbour porpoise pinger could affect the recorded
echolocation activity. The seal scarer used a source
level of 189 dB re 1 μPa in the 10 to 15 kHz range
(www.lofitech.no) that may have affected the harbour
porpoises over greater distances. Hence, noise from
the ramming/vibration activity and the seal scarer
were most probably of similar magnitude, but consid-
ering that the higher frequencies of this harassment
device are attenuated more quickly than the low fre-
quencies of the construction works (Urick 1983), the
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sound level of this activity is likely to be higher in the
reference area. However, harbour porpoise responses
to different noise frequencies have not yet been
documented.



Increases in waiting times were longer (4 to 41 h)
than the duration of the ramming/vibration activities
(1.5 to 10 h), with a tendency of relatively longer first
waiting times in the impact area. This indicates that
the ramming/vibration activities had a spatially de-
clining effect on harbour porpoise densities, extending
most probably beyond the 3 stations in the reference
area (located >15 km from Foundation A8). If the por-
poises were affected by noise from the construction
over such long distances, this could explain that the
first waiting times at the reference stations increased
by several hours. Furthermore, if the reference stations
were affected by the specific ramming/vibration activi-
ty, it is also likely that other construction activities may
have influenced their density in the reference area.
Although the BACI analysis assumed the reference
area to be unaffected by the construction activities, the
doubling of the waiting times in this area (Table 4)
could potentially be associated with the construction of
the wind farm. This implies that waiting times in the
impact area may have increased by more than a factor
of 6. Although we have established empirical evidence
that construction activities reduced the echolocation
activity of harbour porpoises in this study, and most
probably reduced porpoise density also, the under-
lying cause–effect mechanisms still need to be investi-
gated. Future years of monitoring will show if the har-
bour porpoise population in the Nysted Offshore Wind
Farm region will recover.



The development of offshore activities is increasing
rapidly, giving rise to a demand to assess their effect on
the marine environment. The method developed in this
study may be modified to study other echolocating
cetaceans and determine the potential effect from off-
shore constructions or other human activities within a
specified area.



Acknowledgements. We are grateful to Gregers Glendorf,
Svend-Erik Rasmussen and Jan Simonsen from the cutter
MS ‘Amigo’ for help with the T-POD deployments and their
invaluable expertise on offshore equipment. We thank our
colleagues Susi Edrén and Thomas Dau Rasmussen for help in
the field, Ib Krag Petersen for providing the map, and Jakob
Tougaard for constructive discussions on the acoustics. Nick
Tregenza (Chelonia) is acknowledged for kind and prompt
responses related to the T-PODs. We thank Charlotte Boesen,
Per Hjelmsted Pedersen, Hans Ohrt and Pernille Holm Skyt
from Energi E2 A/S for valuable comments on the manuscript
and providing all necessary information and support in re-
lation to the construction work. These investigations were
funded by Danish public service obligations under contract
with Energi E2 A/S. The manuscript was improved by
valuable comments by anonymous reviewers.



LITERATURE CITED



Akamatsu T, Hatakeyama Y, Kojima T, Soeda H (1994) Echo-
location rates of 2 harbor porpoises (Phocoena phocoena).
Mar Mamm Sci 10:401–411



Archambault P, Banwell K, Underwood AJ (2001) Temporal
variation in the structure of intertidal assemblages follow-
ing the removal of sewage. Mar Ecol Prog Ser 222:51–62



Au WWL, Kastelein RA, Rippe T, Schooneman NM (1999)
Transmission beam pattern and echolocation signals of a
harbour porpoise (Phocoena phocoena).  J Acoust Soc Am
106:3699–3705



Au WWL, Ford JKB, Horne JK, Allman KAN (2004) Echoloca-
tion signals of free-ranging killer whales (Orcinus orca)
and modeling of foraging for chinook salmon (Onco-
rhynchus tshawytscha).  J Acoust Soc Am 115:901–909



Bach S, Teilmann J, Henriksen OD (2000) Environmental im-
pact assessment (EIA) of offshore wind farms at Rødsand
and Omø Stålgrunde, Denmark. Virum, Rambøll (also
available at: www.nystedhavmoellepark.dk/upload/pdf/
Ramboll_2_Pebr.pdf)



Barlow J (1988) Harbor porpoise, Phocoena phocoena, abun-
dance estimation for California, Oregon and Washington.
I. Ship surveys. Fish Bull (Seattle) 86:417–432



Bishop MJ, Underwood AJ, Archambault P (2002) Sewage
and environmental impacts on rocky shores: necessity of
identifying relevant spatial scales. Mar Ecol Prog Ser 236:
121–128



Chatfield C (1984) The analysis of time series—an introduc-
tion, 3rd edn. Chapman & Hall, London



Cox TM, Read AJ, Solow A, Tregenza N (2001) Will har-
bour porpoises (Phocoena phocoena) habituate to pingers?
J Cetacean Res Manag 3:81–86



Culik BM, Koshinski S, Tregenza N, Graeme ME (2001) Reac-
tions of harbor porpoises (Phocoena phocoena) and her-
ring (Clupea harengus) to acoustic alarms. Mar Ecol Prog
Ser 211:255–260



Green RH (1979) Sampling design and statistical methods for
environmental biologists. Wiley, New York



Green RH (1993) Application of repeated-measures designs
in environmental-impact and monitoring studies. Aust J
Ecol 18:81–98



Hammond P, Benke H, Berggren P, Borchers DL and 7 others
(2002) Abundance of harbour porpoises and other ceta-
ceans in the North Sea and adjacent waters. J Appl Ecol
39:361–376



Heide-Jørgensen M, Mosbech A, Teilmann J, Benke H,
Schultz W (1992) Harbour porpoise (Phocoena phocoena)
densities obtained from aerial surveys north of Fyn and in
the Bay of Kiel. Ophelia 35:133–146



Heide-Jørgensen M, Teilmann J, Benke H, Wulf J (1993)
Abundance and distribution of harbour porpoises, Phoco-
ena phocoena, in selected areas of the western Baltic and
the North Sea. Helgol Meeresunters 47:335–346



Hiby AR, Hammond PS (1989) Survey techniques for estimat-
ing abundance of cetaceans. Rep Int Whal Comm Spec
Issue 11:47–80



Koschinski S (2002) Current knowledge on the harbour por-
poises (Phocoena phocoena) in the Baltic Sea. Ophelia 55:
167–197



Koschinski S, Culik B, Henriksen OD, Tregrenza N, Ellis G,
Jansen C, Kathe G (2003) Behavioural reactions of free-
ranging porpoises and seals to the noise of a simulated
2 MW windpower generator. Mar Ecol Prog Ser 265:
263–273



Lewis LJ, Davenport J, Kelly TC (2002) A study of the im-
pact of a pipeline construction on estuarine benthic inver-



307











Mar Ecol Prog Ser 321: 295–308, 2006



tebrate communities. Estuar Coast Shelf Sci 55:213–221
Littell RC, Milliken GA, Stroup WW, Wolfinger RD (1996) SAS



system for mixed models. SAS Institute, Cary, NC
McCullagh P, Nelder JA (1989) Generalized linear models,



2nd edn. Monographs on statistics and applied proba-
bility, 37. Chapman & Hall/CRC, Boca Raton, FL



McCulloch CE, Searle SR (2001) Generalized, linear, and
mixed models. Wiley series in probability and statistics.
Wiley, New York



Møhl B, Andersen S (1973) Echolocation: high-frequency
component in the click of the harbour porpoise (Phocoena
ph. L.). J Acoust Soc Am 54:1368–1373



Palka D (1996) Effects of Beaufort sea state on the sightability
of harbor porpoises in the Gulf of Maine. Rep Int Whal
Comm 46:575–582



Rosenberg R, Nilsson HC, Gremare A, Amouroux JM (2003)
Effects of demersal trawling on marine sedimentary habi-
tats analysed by sediment profile imagery. J Exp Mar Biol
Ecol 285:465–477



Schratzberger M, Dinmore TA, Jennings S (2002) Impacts of
trawling on the diversity, biomass and structure of meio-
fauna assemblages. Mar Biol 140:83–93



Teilmann J (2000) The behaviour and sensory abilities of
harbour porpoises (Phocoena phocoena) in relation to by-
catch in gillnet fishery. PhD thesis, University of Southern
Denmark, Odense



Teilmann J (2003) Influence of sea state on density estimates
of harbour porpoises (Phocoena phocoena). J Cetacean
Res Manag 5:85–92



Teilmann J, Henriksen OD, Carstensen J, Skov H (2002) Mon-



itoring effects of offshore wind farms on harbour porpoises
using PODs (porpoise detectors). Tech Rep. National Envi-
ronmental Research Institute, Roskilde (also available at:
http://www.hornsrev.dk/Engelsk/default_ie.htm)



Teilmann J, Dietz R, Larsen F, Desportes G and 5 others
(2004) Satellitsporing af marsvin i danske og tilstødende
farvande. Tech Rep. National Environmental Research In-
stitute, Denmark, Roskilde. (In Danish with English sum-
mary.) (Also available at: http://www2.dmu.dk/1_viden/2_
Publikationer/3_fagrapporter/rapporter/FR484_samlet.pdf)



Teilmann J, Tougaard J, Miller L, Kirketerp T, Hansen K, 
Labberté S (2006a) Reaction of captive harbour porpoises
(Phocoena phocoena) to pinger-like sounds. Mar Mamm
Sci 22:240–260



Teilmann J, Larsen F, Desportes G (2006b) Time allocation
and diving behaviour of harbour porpoises (Phocoena
phocoena) in Danish and adjacent waters. J Cetacean Res
Manag (in press)



Thomsen F, van Elk N, Brock V, Piper W (2005) On the perfor-
mance of automated porpoise-click-detectors in experi-
ments with captive harbor porpoises (Phocoena phocoena)
(L). J Acoust Soc Am 118:37–40



Underwood AJ (1994) On beyond BACI: sampling designs
that might reliably detect environmental disturbances.
Ecol Appl 4:3–15



Urick RJ (1983) Principles of underwater sound. McGraw-
Hill, New York



Würsig B, Greene CR Jr, Jefferson TA (2000) Development
of an air bubble curtain to reduce underwater noise of
percussive piling. Mar Environ Res 49:79–93



308



Editorial responsibility: Howard I. Browman (Associate
Editor-in-Chief), Storebø, Norway



Submitted: July 14, 2004; Accepted: January 21, 2006
Proofs received from author(s): August 16, 2006












Hornsea 3 papers requested from WDC/Synder & Kaiser (2009).pdf

























































































Hornsea 3 papers requested from WDC/Teilmann & Carstensen (2012).pdf




This content has been downloaded from IOPscience. Please scroll down to see the full text.



Download details:



IP Address: 212.113.209.66



This content was downloaded on 21/06/2016 at 10:44



Please note that terms and conditions apply.



Negative long term effects on harbour porpoises from a large scale offshore wind farm in the



Baltic—evidence of slow recovery



View the table of contents for this issue, or go to the journal homepage for more



2012 Environ. Res. Lett. 7 045101



(http://iopscience.iop.org/1748-9326/7/4/045101)



Home Search Collections Journals About Contact us My IOPscience





iopscience.iop.org/page/terms


http://iopscience.iop.org/1748-9326/7/4


http://iopscience.iop.org/1748-9326


http://iopscience.iop.org/


http://iopscience.iop.org/search


http://iopscience.iop.org/collections


http://iopscience.iop.org/journals


http://iopscience.iop.org/page/aboutioppublishing


http://iopscience.iop.org/contact


http://iopscience.iop.org/myiopscience








IOP PUBLISHING ENVIRONMENTAL RESEARCH LETTERS



Environ. Res. Lett. 7 (2012) 045101 (10pp) doi:10.1088/1748-9326/7/4/045101



Negative long term effects on harbour
porpoises from a large scale offshore wind
farm in the Baltic—evidence of slow
recovery



Jonas Teilmann and Jacob Carstensen



Department of Bioscience, Aarhus University, Frederiksborgvej 399, DK-4000 Roskilde, Denmark



E-mail: jte@dmu.dk



Received 18 July 2012
Accepted for publication 12 November 2012
Published 6 December 2012
Online at stacks.iop.org/ERL/7/045101



Abstract
Offshore wind farms constitute a new and fast growing industry all over the world. This study
investigates the long term impact on harbour porpoises, Phocoena phocoena, for more than
10 years (2001–12) from the first large scale offshore wind farm in the world, Nysted Offshore
Wind Farm, in the Danish western Baltic Sea (72× 2.3 MW turbines). The wind farm was
brought into full operation in December 2003. At six stations, acoustic porpoise detectors
(T-PODs) were placed inside the wind farm area and at a reference area 10 km to the east, to
monitor porpoise echolocation activity as a proxy of porpoise presence. A modified statistical
BACI design was applied to detect changes in porpoise presence before, during and after
construction of the wind farm. The results show that the echolocation activity has significantly
declined inside Nysted Offshore Wind Farm since the baseline in 2001–2 and has not fully
recovered yet. The echolocation activity inside the wind farm has been gradually increasing
(from 11% to 29% of the baseline level) since the construction of the wind farm, possibly due
to habituation of the porpoises to the wind farm or enrichment of the environment due to
reduced fishing and to artificial reef effects.



Keywords: static acoustic monitoring, long term effect, BACI design, echolocation, Phocoena
phocoena, offshore wind farm, Nysted Offshore Wind Farm, porpoise detector, T-POD



1. Introduction



Like other toothed whales (odontocetes) harbour porpoises
have good underwater hearing and use sound actively for
navigation and prey capture (echolocation). They produce
short ultrasonic clicks (130 kHz peak frequency, 50–100 µs
duration; Møhl and Andersen 1973, Teilmann et al 2002) and
are able to navigate and find prey even in complete darkness.
Porpoises tagged with acoustic data loggers indicate that they
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use their echolocation almost continuously (Akamatsu et al
2007, Linnenschmidt et al 2012).



Several studies on porpoises in the western Baltic Sea
have used autonomous acoustic dataloggers (T-PODs) that
record the echolocation sound of porpoises. Verfuss et al
(2007) used T-POD data from a large number of permanent
stations throughout the German part of the Baltic Sea to
estimate the relative abundance. During the environmental
assessment program at Nysted Offshore Wind Farm T-PODs
was also used to monitor the effect of the construction
and operation (Carstensen et al 2006). They reported a
strong decrease in porpoise echolocation activity following
the construction and first years of operation.
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Figure 1. Study area with Nysted and Rødsand 2 Offshore Wind Farm. Wind turbines are shown with an ‘X’ and T-POD monitoring
stations with solid circles. Three stations (ImpW, ImpN and ImpE) are located inside the wind farm and three stations (RefN, RefM and
RefS) are located in a reference area about 10 km east of the wind farm.



Offshore wind energy has grown exponentially in
European waters since the first 11 offshore turbines were
erected at Vindeby in Denmark. To be economically
sustainable wind farms are growing in size and the largest
to date will be London Array Offshore Wind Farm with 175
turbines and a capacity of 630 MW, enough for 470 000
British homes. This wind farm cover 100 km2 and comprises
only a minor part of the present and planned wind farms
in European waters (www.4coffshore.com/offshorewind/).
It has been shown that the harbour porpoise (Phocoena
phocoena) can be both positively and negatively affected
by the construction and operation of offshore wind farms
(Carstensen et al 2006, Scheidat et al 2011). As harbour
porpoises mainly live in shallow continental shelf waters in
the northern hemisphere (Hammond et al 2002, SCANS-II
2008) and as they are protected under annex II and IV of
EU’s Habitats Directive, it is important to fully understand
the potential effects of offshore wind farms, either directly
through disturbing the animals or indirectly through affecting
their habitat.



In 2002–3 Nysted Offshore Wind Farm was constructed
in the Danish part of the western Baltic Sea. Together with
Horns Rev Offshore Wind Farm, it was part of a national
demonstration program to test the feasibility and economy
of large scale offshore wind power and address potential
negative effects on the marine environment by initiating
an ambitious environmental monitoring program, parallel
to the construction and operation. The present study is a
continuation of this monitoring program and will test the
long term effect of the wind farm on harbour porpoises. In
2009–10 another large offshore wind farm (Rødsand 2, www.
eon.dk/Rodsand-2) comprising 90 turbines was constructed
only about 3 km west of Nysted wind farm. The potential
effect of this additional wind farm in the study area will also
be discussed.



2. Material and methods



2.1. Study area



The Nysted wind farm area is located south of the islands
Lolland and Falster in the western Baltic (figure 1). The area
is dominated by two large sand barriers (Eastern and Western
Rødsand), which borders a shallow lagoon from the deeper
Fehmern Belt and Kadet Trench. This narrow sandbar runs
about 25 km from Hyllekrog to Gedser and is partly exposed
at normal water levels in the middle. The shallow lagoon area
(depths 0.5–7 m), is an important area for fish, birds, seals and
coastal fishery.



The sea floor south of Rødsand at depths shallower than
10 m consists primarily of glacial depositions. The largest
part of the area is covered by sand/silt bottom with larger and
smaller ridges and with aggregations of pebbles, gravel and
shells scattered throughout the area. A small natural stone reef
(Schönheiders Pulle) is located east of Nysted Offshore Wind
Farm.



The water in the area is brackish and salinity varies with
the freshwater surface flow from the Baltic Sea and influx
of more saline bottom water from the Kattegat. The tide is
weak in the area (less than 0.5 m) and variations in water
level are mainly determined by wind and barometric pressure
differences between the Baltic Proper and the Kattegat/Danish
Straits.



2.2. Acoustic monitoring



The T-POD or POrpoise Detector is a small self-contained
battery operated data-logger that logs echolocation clicks
from harbour porpoises and other cetaceans (Chelonia, UK).
In this study we deployed the T-PODs about 1 m above the
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seafloor and downloaded data and changed batteries every
1–2 months. It is programmable and can be set to specifically
detect and record the echolocation signals from harbour
porpoises.



The T-POD consists of a hydrophone, an amplifier,
a number of band-pass filters and a data-logger that logs
echolocation clicks. It processes the recorded signals in
real-time and only logs time and duration of sounds fulfilling
a number of acoustic criteria set by the user. These criteria
relate to click length (duration), frequency spectrum and
intensity, and are set to match the specific characteristics of
echolocation clicks of harbour porpoises.



The T-POD relies on the highly stereotypical nature
of porpoise sonar signals. These are unique in being very
short (50–150 µs) and containing virtually no energy below
100 kHz. Main part of the energy is in a narrow band
120–150 kHz, which makes the signals ideal for automatic
detection. Most other sounds in the sea, with the important
exception of boat echosounders, are characterized by being
either more broadband (energy distributed over a wider
frequency range), longer in duration, with peak energy at
lower frequencies or combinations of the three. In addition
echosounders have a more regular pattern than porpoise
echolocation. The actual detection of porpoise signals is
performed by comparing signal energy in a narrow filter
centred at 130 kHz with another narrow filter centred at
90 kHz. Any signal, which has substantially more energy in
the high filter relative to the low and with a duration less than
200 ms is highly likely to derive either from a porpoise or an
echosounder. However, porpoise click trains are recognizable
by a gradual change of click intervals throughout a click
sequence, whereas boat echosounders have highly regular
repetition rates (almost constant click intervals). Clicks of
other origin tend to occur at random, thus with highly irregular
intervals.



The T-POD operates with six separate and individually
programmable channels. In this study all channels had
identical settings for each type of T-POD (table 1). Each of the
six channels records sequentially for 9 s, with 6 s per minute
assigned for change between channels. This gives an overall
duty cycle of 90% (54 s min−1). In order to minimize data
storage requirements only the onset time of clicks and their
duration are logged. This is done with a resolution of 10 µs.
The absolute accuracy of the timing of each recording is much
less, due to drift in the T-PODs clock during deployment
(a few minutes per month). Clicks shorter than 10 µs and
sounds longer than 2550 µs were discarded. The hydrophone
of the T-POD has a resonance frequency of 120 kHz and
is cylindrical and thus in principle omnidirectional in the
horizontal plane.



2.3. Data collection



To assess the long term effect of Nysted Offshore Wind
Farm T-PODs were deployed before, during and after
construction (2001–12) at three stations in the wind farm
area (impact) and at three stations 10 km east of the
wind farm (control). Data collection was partitioned into 6



Table 1. T-POD filter settings used in this study.



T-POD V1 T-POD V5



A filter frequency (kHz) 130 130
B filter frequency (kHz) 90 92
Ratio A/B 5 —
A filter sharpness (au) 5 4
B filter sharpness (au) 18
Sensitivity 0.35 8–11a



Noise filter − +



Scan limit 240 None
Minimum click length (µs) 10 10
Switch angle 254 75



a Value depend on calibration.



distinct periods: (1) baseline period (November 2001–June
2002), (2) construction period (July 2002–November 2003),
(3) operation period 1 (December 2003–December 2004),
(4) operation period 2 (January 2005–December 2005),
(5) operation period 3 (September 2008–February 2009),
and (6) operation period 4 (September 2011–March 2012).
The operation period was divided into four periods of
approximately same length to investigate a potential gradual
recovery in porpoise density, assuming that the animals may
over some time habituate to changed habitat conditions with
the introduction of hard substrate turbine foundations in a
soft-sediment environment.



In an earlier study (Carstensen et al 2006), it was found
that one of the reference stations (RefN) was apparently
strongly affected by the nearby Gedser Harbour and therefore
unsuitable as reference. Moreover, the T-POD deployment
was discontinued at ImpN after operation period 2 for
logistical reasons. As a consequence, the statistical analysis
included data from five stations for the first 4 periods and
data from four stations in the last two periods. Given the
length of the study it was necessary to replace the older
T-POD version 1 (V1) with the newer T-POD version 5 (V5)
when instruments were lost or malfunctioned. However, to
account for potential differences in sensitivity between the
two versions in the statistical model (see below), both T-POD
versions were deployed simultaneously at four stations (ImpE,
ImpW, RefS and RefM, figure 1).



Under normal conditions battery capacity and memory
in the T-PODs is sufficient for continuous operation for at
least one month and in practice even longer than this. The
time series obtained from the T-POD signals contained some
gaps where the T-PODs were not deployed or specific T-PODs
were not operating properly for various technical reasons.
The T-PODs have consistently been deployed at the same
positions. Thus, there has not been any shifting of T-PODs
between positions that could bias the statistical analyses due
to differences in T-POD sensitivity.



Prior to the first deployment the T-PODs were calibrated
in a circular cedar wood tank, 2.8 m deep, 3 m diameter
located at University of Southern Denmark’s research facility
in Kerteminde. T-PODs were fixed in a holder with the
hydrophone pointing downwards and placed 0.5 m below the
water surface. A projecting hydrophone (Reson TC4033) was
placed in the same depth, 1 m from the T-POD. Calibration
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signals were 100 µs pulses of 130 kHz pure tones, shaped
with a raised cosine envelope. Signals were generated by
an Agilent 33250A arbitrary waveform generator. Projector
sensitivity was measured prior to calibration by placing a
reference hydrophone (Reson TC4034) at the position of the
T-POD hydrophone.



T-PODs were presented with groups of 130 kHz pulses
of decreasing sound pressure. Threshold was defined as the
sound pressure level at which 50% of the transmitted pulses
were recorded by the T-POD. Thresholds were determined
for 6 out of the 16 possible sensitivity settings and for four
different angles of incidence (all in the horizontal plane).
V1 T-PODs had a significantly lower sensitivity compared
to V5 T-PODs (see also intercalibration section below) and
were only used with the most sensitive settings. Following
calibration the settings of V5 T-PODs were adjusted to match
as closely as possible a sensitivity of 127.5 dB re 1 µPa.



The V1 T-PODs were equipped with 8 MB memory and
powered by 6 D-cell type batteries, providing power for a little
more than one month. V5 T-PODs have 128 MB memory and
are powered by 15 D-cell type batteries, which can power
the unit for up to 60 days. The memory will normally fill in
1–2 months depending on echolocation activity, background
noise and software settings. Data was downloaded with the
T-POD.exe program (version 5.1 for V1 T-PODs and 8.23 for
V5 T-PODs) designed for communication with the T-POD and
subsequent analysis of data. Harbour porpoise echolocation
clicks were extracted from the background noise using a
filtering algorithm that filters out non-porpoise clicks such as
cavitation noise from boat propellers, echo sounder signals
and similar high frequency noise. This filter has several
classes of confidence of which the second highest class
(‘cetaceans all’) was used. Data were exported in ASCII
format for statistical analysis after filtering.



The detection range of the V1 and V5 T-POD has been
determined in the field and shows a maximum range of 350 m
from the T-POD, with a detection function decreasing with
increasing distance (Kyhn et al 2012), However, the detection
function is strictly dependent on the detection threshold of the
individual T-POD.



Field experiments and sound propagation models have
shown that detection of porpoise echolocation may depend on
the deployment depth of the T-PODs (DeRuiter et al 2010).
To avoid variability due to depth, all T-PODs in this study
were deployed at similar water depth (6–9 m) and moored 1 m
above the bottom.



2.4. Porpoise activity indicators from T-POD signals



Four indicators were extracted from T-POD signals having a
constant frequency of 1 min. This signal, denoted xt, described
the recorded number of clicks per minute and consisted
of many zero observations (no clicks) and relatively few
observations with click recordings. The click intensity per
minute was aggregated into daily observations of:



PPM = Porpoise Positive Minutes



=
Number of minutes with clicks



Total number of minutes
=



N{xt > 0}
Ntotal



CPPM = Clicks per Porpoise Positive Minute



=
1



N{xt > 0}



∑
xt>0



xt.



Another approach was to consider the recorded click
as a point process, i.e. separate events occurring within
the monitored time span. Therefore, we considered xt as a
sequence of porpoise encounters within the T-POD range
of detection separated by silent periods without any clicks
recorded. Porpoise clicks were often recorded in short term
sequences consisting of both minute observations with and
without clicks. Such short term sequences were considered
to belong to the same encounter although there were also
silent periods (no minute clicks) within the sequence. We
decided to use a silent period of 10 min to separate two
different encounters from each other. This threshold value
was determined from graphical investigation of different
time series of xt. Thus, two click recordings separated by
a 9 min silent period would still be part of the same
encounter. Converting the constant frequency time series into
a point process resulted in two new indicators for porpoise
echolocation activity.



Encounter duration = Number of minutes between



two silent periods



Waiting time = Number of minutes in a silent period



> 10 min.



This implied that waiting times had a natural lower
bound of 10 min, and that encounters potentially included
zero minute recordings. Encounter duration and waiting times
were computed from data from each T-POD deployment
individually identifying the first and last encounters and the
waiting times in-between. Consequently, each deployment
resulted in one more observation of encounter duration,
since the silent periods at beginning and end of deployment
were truncated (interrupted) observations of waiting times.
Encounter duration and waiting time observations were
temporally associated with the time of the midpoint
observation, i.e. a silent period starting 30 September at 12:14
and ending 1 October at 1:43 was associated with the mean
time of 30 September 18:59 and categorized as a September
observation.



2.5. Statistical analysis



The indicators were analysed according to a modified
BACI design (Green 1979) that included station-specific and
seasonal variation as well. Variation in all four indicators
reflecting different features of the same porpoise echolocation
activity were assumed to be potentially affected by the
following factors (4 fixed and 2 random) and combinations
thereof.



• Area (fixed factor having 2 levels) describes the spatial
variation between control and impact area. The factor is
fixed because inference is made for these two areas only.
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Table 2. List of transformation, distributions and back-transformation employed on the four indicators for harbour porpoise echolocation
activity.



Indicator Transformation Distribution Back-transformation



Daily intensity (PPM) Logarithmic—log(y) Normal exp(µ+ σ 2/2)a



Daily frequency (CPPM) Angular–sin−1(
√



y) Normal sin2(µ)



Encounter duration Logarithmic—log(y) Normal exp(µ+ σ 2/2)a



Waiting time Logarithmic—log(y− 10) Normal exp(µ+ σ 2/2)+ 10a



a The back-transformation of the logarithmic transformation can be found in e.g. McCullagh and
Nelder (1989), p 285.



• Station (area) (random factor having five levels) describes
the station-specific variation (ImpW, ImpN, ImpE, RefM
and RefS) within area. This factor is random in order to
infer for all possible spatial sampling locations within the
two areas.
• Period (fixed factor having 6 levels) describing the dif-



ference between baseline, construction and 1–4 operation
periods. The factor is fixed because inference is made for
these six periods only.
• Month (fixed factor having 12 levels (all months))



describes the seasonal variation by means of monthly
values. The factor is fixed because all levels are sampled.
• Podtype (fixed factor having 2 levels) describes the



difference between V1 and V5 T-PODs. The factor is fixed
because inference is made for these two types only.
• Podid (random factor having 14 levels) describes the



random variation between different T-PODs for V1 and V5
separately. This factor is random in order to infer for the
deployments of various T-PODs in general instead of the
14 used in the present study.



Three of the fixed factors (main factors area, pe-
riod, month), and their four interactions, described the
spatial–temporal variation in the echolocation activity,
whereas podtype described a potential difference in the
indicators obtained with V1 versus V5 T-PODs. The use of
different T-POD versions was assumed not to interact with
the spatial–temporal variation, and consequently interactions
between podtype and all the spatial–temporal components
(first four factors in the list above) were disregarded in
order to limit the model. Thus, variations in the echolocation
indicators, after appropriate transformation, were assumed
Normal-distributed with a mean value described by the
equation for:



µijkl = areai + periodj + areai × periodj +monthk + areai



× monthk + periodj ×monthk + areai



×periodj ×monthk + podtypel. (1)



Random effects of the model included station (area) and any
derived interactions with the fixed spatial–temporal factors as
well as podid (podtype) that had a version-specific variance,
i.e. different magnitude of variation between T-PODs for V1
and V5.



The temporal variation in the indicators was assumed to
follow an overall fixed seasonal pattern described by monthly
means, but fluctuations in the harbour porpoise density in



the region on a shorter timescale may potentially give rise to
serial correlations in the observations. For example, if a short
waiting time is observed the next waiting time is likely to be
short as well. Similar arguments can be proposed for the other
indicators. In order to account for any autocorrelation in the
residuals we formulated a covariance structure for the random
variation by means of an ARMA(1,1)-process (Chatfield
1984) subject to observations within separate deployments,
i.e. complete independence was assumed across gaps in the
time series.



Transformations, distributions and back-transformations
were selected separately for the different indicators by
investigating the statistical properties of data (table 2). The
data comprised an unbalanced design, i.e. uneven number
for the different combinations of factors in the model, and
arithmetic means by averaging over groups within a given
factor may therefore not reflect the ‘typical’ response of that
factor because they do not take other effects into account.
Typical responses of the different factors were calculated by
marginal means (Searle et al 1980) where the variation in
other factors was taken into account.



Waiting times had a natural bound of 10 min imposed by
the encounter definition, and we therefore subtracted 9 min
from these observations before taking the logarithm in order
to derive a more typical lognormal distribution. Applying
the log-transformation had the implication that additive
factors, as described in equation (1), were multiplicative
on the original scale. This meant that e.g. the seasonal
variation was described by monthly scaling means rather
than additive means. Variations in the four indicators were
investigated within the framework of generalized linear mixed
models (McCullagh and Nelder 1989), and the significance of
the different factors in equation (1) was tested using the F-test
(type III SS) for the normal distribution (SAS Institute 2003).



The factor area × period, also referred to as the BACI
effect, described a step-wise change (e.g. from baseline to
post-construction) in the impact area different from that in
the reference area. Marginal means for the different factors
of the model were calculated and back-transformed to mean
values on the original scale. For log-transformed indicators
such contrasts can be interpreted by calculating:



exp(BACI contrast) =
E[Impact, post-construction]



E[Impact, baseline]



×
E[Control, baseline]



E[Control, post-construction]
(2)



i.e. the exponential of the contrast describes the relative
change from the baseline to the construction period in
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Table 3. Significance testing of fixed effects in equation (1) for the four indicators after removing non-significant fixed and random effects,
while the main effects and factors related to the BACI analyses were retained.



Fixed effects



Click PPM PPM



DFs F P DFs F P



Area 174.6 26.04 <0.0001 1 127 101.05 <0.0001
Period 583.4 1.98 0.0901 5 133 17.13 <0.0001
period × area 572.5 4.37 0.0016 5 122 7.10 <0.0001
Month 11 221 4.23 <0.0001 11 325 15.38 <0.0001
Podtype 1 165 8.67 0.0037 1 208 30.62 <0.0001



Fixed effects



Encounter duration Waiting time



DFs F P DFs F P



Area 128.1 2.96 0.0964 165.9 57.22 <0.0001
Period 538.8 3.12 0.0185 586.5 9.50 <0.0001
Period × area 529.1 1.30 0.2893 568 3.65 0.0055
Month 1137 1.24 0.2952 1180.5 10.07 <0.0001
Podtype 1429 11.84 0.0006 1350 11.30 0.0009



the impact area relative to the reference area. Similar
calculations were carried out for the BACI contrasts for
different combination of periods.



The statistical analyses were carried out within the
framework of mixed linear models (Littell et al 1996) by
means of PROC MIXED in the SAS system. Statistical testing
for fixed effects (F-test with Satterthwaite approximation for
denominator degrees of freedom) and random effects (Wald
Z) were carried out at a 5% significance level (Littell et al
1996). The F-test for fixed effects was partial, i.e. taking all
other factors of the model into account, and non-significant
factors were removed by backward elimination and the model
re-estimated, although effects pertaining to the BACI testing
(period and area) were retained for displaying their level of
significance.



3. Results



The T-PODs were deployed for a total of 1422 days, while
porpoise echolocation data were extracted for on average 817
days on each station, equalling 57% of the time. The backward
elimination approach resulted in all random factors, except for
the ARMA(1,1) covariance structure for all four indicators
and period × month × station (area) for encounter duration
and waiting time, were found insignificant and removed from
the model. The random variation among stations was not
significant, indicating that there was no smaller-scale spatial
variation in echolocation activity within the reference and
impact area. Moreover, for all four indicators the fixed factors
area × month, period × month and area × period × month
were also not significant and consequently removed from
the model, and this suggests that the echolocation activity
followed the same seasonal pattern in both the reference and
impact area as well as across the different periods. After
removing non-significant interactions and re-estimating the
model (equation (1)), all main factors and the BACI effect
were all significant for PPM and waiting time, whereas not
all of these factors were significant for CPPM and encounter
duration (table 3). Significant variation between T-POD V1
and V5 were found for all indicators, clearly demonstrating



that V5 T-PODs were more sensitive and recorded higher
echolocation activity than V1 T-PODs.



4. Seasonal patterns



Three of the four indicators had a highly significant seasonal
variation (table 3) with a similar and pronounced unimodal
seasonal pattern (figure 2). In fact, only encounter duration
was not changing over the seasons. Few porpoises were
encountered during winter months (January–March), with
on average about three encounters at each T-POD per
week, compared to the peak during summer, where several
encounters were recorded daily. The seasonal variations were
comparable to those reported in Carstensen et al (2006).
CPPM varied from a mean of 26 clicks min−1 in February to
56 clicks min−1 in May, PPM varied from 0.13% in February
to 0.78% in September, encounter duration varied, albeit not
significantly, from 2.6 min in February to 4.2 min in April, and
waiting times varied from 59 h in February to 5.6 in August.
In general, the largest seasonal variations were observed for
PPM and waiting times.



4.1. Long term assessment



Echolocation activity was significantly higher in the reference
area than in the impact area for all indicators except encounter
duration (table 3), with 49.1 versus 36.1 clicks min−1 for
CPPM, 0.71% versus 0.25% PPM, and 8.8 versus 22.3 h
for waiting time. Based on PPM and waiting time the mean
echolocation activity was almost three times higher in the
reference area. Significant changes were also found across
the six periods (baseline, construction and operation 1–4)
for all indicators except CPPM. Echolocation activity was
highest during the baseline for all indicators and lowest during
the construction period for all indicators except encounter
duration (figure 3). During the four operation periods
there was a tendency of increasing echolocation activity,
particularly in the impact area, although operation period 2
had the highest PPM and encounter duration. The BACI effect
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Figure 2. Monthly means at Nysted reference and impact areas combined showing the four indicators after back-transformation. Error bars
show 95% confidence limits of the mean values. The covariation with other factors in equation (2) has been accounted for by calculating
marginal means.



Figure 3. Mean values for the four indicators back-transformed to
the original scale for combinations of the two areas and the six
periods (baseline Nov 2001–Jun 2002, construction Jul 2002–Nov
2003, operation 1 Dec 2003–Dec 2004, operation 2 Jan–Dec 2005,
operation 3 Sep 2008–Feb 2009 and operation 4 Sep 2011–Mar
2012). Error bars indicate 95% confidence limits for the mean
values. Variations caused by differences in months and T-POD
versions have been accounted for by calculating marginal means.



was significant for all indicators except encounter duration
(table 3). However, this factor only described that there were
significant relative changes between the impact and reference
areas across all periods, whereas which specific periods may
have caused this significant change were demonstrated by
calculating BACI contrasts (table 4). The relative changes
across periods are shown in figure 3. The significant BACI
effect for CPPM was mainly caused by a 57% relative decline
in the impact area from the baseline to construction period and
a 70–80% increase from the construction period to operation
periods 2–4. PPM was reduced in the impact area relative
to the reference area by a factor of 5–10 from the baseline
to the other periods, except for the operation period 4 when
the relative change was only a factor of 3.5 lower. There
was a relative reduction in PPM from operation period 1
to operation period 2, followed by a relative increase from
operation period 2 and 3 to operation period 4. There was
no overall relative change between the impact and reference
area across periods for encounter duration, albeit one of the
contrasts was borderline significant. Waiting times in the
impact area increased 4–6 times relative to the reference area
from the baseline to the construction and operation periods
2 and 3, whereas the relative change from baseline to the
operation period 4 only decreased about a factor of three and
was borderline significant (table 4).



5. Discussion



This study has successfully collected acoustic data on harbour
porpoise echolocation activity for more than 10 years in one
of the first large scale offshore wind farms in the world.
It is also the first long term study of effects of offshore
wind farms on harbour porpoises. The results show that the
echolocation activity declined in Nysted Offshore Wind Farm
after the baseline in 2001–2 (Carstensen et al 2006) and
has not fully recovered yet. However, when comparing the
wind farm area with the reference area in operation period 4
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Table 4. The relative change between the impact and reference area from one period to another given as percentage (cf equation (2)) and
the P-value for the contrast. Significant BACI contrasts are highlighted in bold.



BACI contrast Click PPM PPM Encounter duration Waiting time



Baseline–construction 43% 0.0004 11% <0.0001 74% 0.0950 475% 0.0011
Baseline–operation1 61% 0.0373 20% 0.0002 95% 0.7842 397% 0.0027
Baseline–operation2 74% 0.1954 16% <0.0001 92% 0.5939 495% 0.0004
Baseline–operation3 77% 0.3076 11% <0.0001 84% 0.3657 599% 0.0005
Baseline–operation4 72% 0.2048 29% 0.0047 108% 0.7035 287% 0.0406
Construction–operation1 143% 0.0343 178% 0.2458 128% 0.0892 84% 0.6303
Construction–operation2 173% 0.0014 140% 0.1869 123% 0.1193 104% 0.9026
Construction–operation3 181% 0.0021 99% 0.3277 113% 0.4449 126% 0.5852
Construction–operation4 169% 0.0088 262% 0.0931 145% 0.0364 61% 0.2579
Operation1–operation2 121% 0.2661 79% 0.0186 96% 0.7601 125% 0.5077
Operation1–operation3 127% 0.2215 55% 0.0596 88% 0.4400 151% 0.3224
Operation1–operation4 118% 0.4044 147% 0.4661 113% 0.4743 72% 0.4558
Operation2–operation3 105% 0.8086 70% 0.8891 92% 0.5742 121% 0.6285
Operation2–operation4 98% 0.9078 186% 0.0078 117% 0.3140 58% 0.1871
Operation3–operation4 93% 0.7488 265% 0.0230 128% 0.1897 48% 0.1268



(2011–2), there is a relatively higher echolocation activity
than during the construction period (2002–3) and operation
period 1–3 (2004–6 and 2008–9), showing a significant
increase from construction to operation period 4 in click PPM
and encounter duration as well as significant increases in PPM
from operation periods 2 and 3 to operation period 4. It is
therefore likely that the strong negative effect on porpoises in
Nysted Offshore Wind Farm is gradually diminishing possibly
due to a habituation of the porpoises to the wind farm or
enrichment to the environment favourable to porpoises due
to less fishing and artificial reef effects (Petersen and Malm
2006).



Although T-PODs have been deployed at several different
locations in Danish waters and elsewhere, it is not possible
to compare measurements directly. Different versions and
settings of T-PODs have been used in different studies and
it is not possible to translate these data into exact number of
animals in the area. Nevertheless, fewer animals in general
are present in the Nysted area, compared to a high density
area such as Horns Reef in the North Sea where porpoise
clicks were recorded by T-PODs about ten times more often
than in the Nysted area (Tougaard et al 2006). Also the
density of harbour porpoises in the south western Baltic Sea
(0.101 animals km−2) was estimated to be about seven times
lower than in the adjacent waters to the north (Danish straits,
Kattegat and Skagerrak 0.725 animals km−2) and about eight
times lower than around Horns Reef (0.812 animals km−2,
Hammond et al 2002). The annual variation found at Nysted
was similar to what was found at Horns Reef although not as
pronounced (Tougaard et al 2006). At the Dutch offshore wind
farm Egmond aan Zee in the North Sea a strong seasonal high
peak was found from December–March and almost complete
absence in summer (Scheidat et al 2011). The biological
reason behind the observed decrease in abundance in winter
is unknown.



The effects of large scale offshore wind farms on harbour
porpoises have been studied at four wind farms. At Nysted
(72 turbines, gravity foundations) and Horns Rev I (80
turbines, mono piles) both construction and operation was
studied, while at Horns Rev II (91 turbines, mono piles) only



construction was studied and at Egmond aan Zee (36 turbines,
mono piles) only the operation was studied. At Horns Rev I
and II, there was a weak negative effect of the construction
period as a whole and strong, but short lived reactions to pile
driving operations out to at least 20 km and for up to 24 h
(Tougaard et al 2006, 2009, Brandt et al 2011). At Nysted,
despite only limited pile driving at one foundation, there
were strong negative reactions to the construction as a whole,
where animals left the wind farm area almost completely. Also
the reference site 10 km away appeared affected (Carstensen
et al 2006). Nysted was constructed with gravity foundations,
which takes longer to construct than mono pile foundations,
but the loud impulsive sounds from pile driving are avoided.



The population effect of constructing and operating the
four wind farms has not been assessed. In general, however,
at Horns Rev a large number of animals were affected, but
for a limited period of time during the construction period.
At Nysted comparatively fewer porpoises were affected.
However, when evaluating the total impact from the entire
study period, a higher proportion of the population at Nysted
was probably affected because the response to the wind farm
was stronger and because the duration of the disturbance was
considerably longer than at Horns Rev.



Contrary to the findings at Nysted, no significant negative
or positive effects were found at Horns Rev I during the
operation of the wind farm. In contrast to both Nysted and
Horns Rev I, the results from Egmond aan Zee showed
a pronounced and significant increase in harbour porpoise
acoustic activity inside the operating wind farm, compared to
the baseline. The cause for this increase is unknown, however,
the area is known for heavy ship traffic and intensive trawling,
so the ban of shipping and fishing inside the wind farm may
have provided a ‘sanctuary’ for the porpoises (Scheidat et al
2011).



The monitoring programs were all designed to use
a BACI design to determine if the animals avoided the
wind farm areas both during construction and/or operation
of the wind farms. This is probably the most powerful
testing analysis to apply, but the data do not reveal the
underlying causal factors, i.e. whether noise, presence of
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the turbines, boat traffic or change in prey availability were
responsible for the observed effects. The only exception is
pile drivings during construction (Carstensen et al 2006,
Tougaard et al 2009). However, it is likely that the negative
effect on porpoises from the construction could be due to a
combination of disturbance from the different construction
activities, involving boat traffic, with associated underwater
noise, as well as disturbance to the seabed with resuspension
of sediment etc. Secondary effects, where prey species of
fish were deterred by the construction and operation activities
are also possible. There are no clear explanations to the
slow recovery at Nysted and why this negative effect was
not observed at Horns Rev and Egmond aan Zee. Whether
the difference in construction methods between the three
wind farms (pile driving at Horns Rev and Egmond aan Zee
and gravitation foundations at Nysted) affected the porpoises
differently is also unknown. Like at other offshore wind
farms, a smaller fast moving service boat has daily visits
to Nysted wind farm, which passes the reference area on
the way between Gedser Harbour and the wind farm (see
figure 1). Fishing activity was limited in Nysted wind farm
area before the wind farm was constructed and changes in
fisheries is therefore not expected to have any impact on the
porpoises in the area. Similarly, other human activities seem
to be unchanged over the period of the study. One possible
explanation to the stronger response at Nysted may be that
the area is a less important habitat to porpoises than Horns
Rev and Egmond aan Zee and that the lower porpoise density
at Nysted implies less competition for food resources and
thereby that the porpoises do not necessarily have a strong
incentive to search for food in an area with disturbances.
In other words, the porpoises at Horns Rev and Egmond
aan Zee may be more tolerant to disturbance, if the area is
of great importance to their survival, whereas the porpoises
around Nysted may not be particularly interested in the area,
as indicated by satellite tracks in the area (Sveegaard et al
2011) and may simply avoid the area if disturbed, without
any larger consequences than the need to swim around the
wind farm. Another possible explanation is that the Nysted
wind farm is located in a relatively sheltered area in the Baltic,
whereas Horns Rev and Egmond aan Zee has a high exposure
to wind and waves in the North Sea resulting in higher natural
background noise. Thus, at Nysted the signal to noise ratio is
higher and therefore the relative noise level from the turbines
is louder and more audible to the porpoises at greater distances
than at Horns Rev and Egmond aan Zee. Since the effects on
harbour porpoises were different in magnitude at the three
wind farms, we conclude that harbour porpoises may react
differently to similar disturbances, like wind farms. This is
an important conclusion in future monitoring of wind farms.
Until more information is available on the actual cause of the
observed difference no generalization of the results to other
wind farms can be recommended.



Cumulative effects are an important issue when more
wind farms are built within the same range of a harbour
porpoise population. In 2009–10 (between Operation 3 and
4) another large offshore wind farm (Rødsand 2, www.eon.
dk/Rodsand-2) comprising 90 turbines was constructed using



gravity foundations (like Nysted) only about 3 km west of
Nysted wind farm. All construction and maintenance activities
for this wind farm were based in Rødbyhavn west of Nysted
offshore wind farm and ships did therefore not go through
the Nysted wind farm or the reference area (see figure 1).
Since there was no monitoring of harbour porpoises during
the construction the effect of this cannot be evaluated. The
cumulative effect of the operation of both wind farms in
Operation 4 (2011–2) showed a relative increase in porpoise
presence inside Nysted wind farm compared to the reference
stations. The reference area for the present study was 10 km
east of Nysted wind farm (away from Rødsand 2 wind farm)
and is therefore less likely to be influenced by Rødsand 2
than Nysted wind farm. The gradual return of the porpoises
to Nysted wind farm started before Rødsand 2 wind farm was
constructed and we do not see a strong cumulative effect of an
additional adjacent wind farm. We therefore suggest that the
gradual return of porpoises in Nysted wind farm is unlikely
to be related to the construction and operation of Rødsand 2
offshore wind farm.



Future monitoring will show if harbour porpoises in
Nysted wind farm will fully recover over time and return
to the level prior to construction or if the wind farm has
caused permanent habitat loss. Also focus should be given
to determining cumulative effects of several wind farms to
be able to set threshold levels in disturbance tolerance of
harbour porpoises under various ecological and geographical
conditions. Finally, studies explaining why, and at what
distances, porpoises react negatively or positively to operating
wind turbines, under different habitat conditions are lacking.
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Our recent paper on harbor porpoise (Phocoena phocoena) foraging (Wisniewska et al.
2016) has sparked an interesting discussion that has been thoughtfully summarized
by Hoekendijk et al. (2018). In their correspondence, these authors commend our
methodological approach but point out some potential shortcomings. Specifically,
their concerns pertain to the small sample size used in our study, the biased age struc-
ture of porpoises examined, the potential impacts of the tagging procedure, and the
short period of monitoring after tagging. Moreover, the authors put in doubt our
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findings of little overlap between the diet of the tagged porpoises and commercial
fisheries, and suggest that the ability to feed at high rates makes porpoises resilient to
anthropogenic disturbance. In this note, we address these points of critique.
There is, unfortunately, no unbiased way to assess the prey preference and dietary



intake of free-ranging marine mammals like harbor porpoises. Although the tradi-
tional approach involving stomach content analysis of stranded and bycaught individ-
uals provides important information, animals must either end up on a beach (e.g., due
to illness or navigation error) or in a net (e.g., potentially due to a preference for the
prey targeted by the fishery) in order to be sampled. In our paper, we took a novel
and complementary approach involving analysis of echo information from prey tar-
geted by instrumented porpoises as they hunt freely. As a result, we are reliant on ani-
mals incidentally live caught in commercial pound nets to be temporarily restrained
for tagging, resulting in a small sample size comprising mostly young individuals.
Although we would of course have preferred a broader sample, this does not lessen
the significance of our results. Specifically, even if the “ultra-high” foraging rates
demonstrated in our paper are only typical of young animals, the resulting higher
vulnerability to disturbance will still give rise to a bottleneck effect: all animals are
young at some point in their lives. Moreover, animals of 2 yr and younger constitute
a significant proportion of the porpoise population (Lockyer and Kinze 2003).
This high proportion of young porpoises, perhaps combined with their inexperi-



ence, may explain why this age class prevails in pound nets. Unfortunately, very few
of our suction cup tag deployments on adult porpoises have extended beyond a few
hours without considerable sliding or detachment of the tag. However, data from an
adult female of 170 cm, tagged since our paper was drafted, revealed buzz rates rang-
ing from 35 to 140 buzzes per hour with an average of 73 buzzes per hour over the
13 h deployment, similar to the 86 buzzes per hour that we reported for another
adult female in Wisniewska et al. (2016) (Table 1). While the buzz rates of these
adults are on average lower than for juveniles (125 per hour), they, nonetheless,
appear to target some 1,500–2,000 small fish per day (Table 1). Thus, although our
adult sample size is small, Hoekendijk et al.’s concern that high feeding rates are only
found in juvenile porpoises does not seem to be supported by our data.



Table 1. Buzz rates of the five harbor porpoises in Wisniewska et al. (2016) and two new
animals not presented previously (in bold), ordered by size. Buzz rates were computed as aver-
ages of buzz counts in complete recording hours, i.e., excluding the first and last incomplete
hours of the recording. Time before the first foraging buzz was assumed to be the recovery per-
iod. Hence, tag duration represents here the time from start of foraging to the end of tag
deployment. Total tag recording time is provided in brackets.



ID Sex
Deployment



date
Standard



length (cm)
Tag duration



(h)
No. of feeding



buzzes
Buzzes
per hour



hp16_316a ♂ 11 Nov 2016 113 39.1 (39.5) 5,715 146
hp13_102a ♂ 12 Apr 2013 114 22.7 (23.7) 3,405 162
hp12_272a ♀ 28 Sep 2012 122 17.8 (21.9) 1,821 106
hp13_170a ♂ 19 Jun 2013 122 15.3 (15.3) 1,222 60
hp14_226b ♂ 14 Aug 2014 126 19.8 (20) 3,234 153
hp12_293a ♀ 19 Oct 2012 163 16.4 (17.7) 1,346 86
hp15_116a ♀ 24 Apr 2015 170 12.4 (13) 906 73



Mean buzz rate juveniles 125.4
Mean buzz rate adults 79.5



266 MARINE MAMMAL SCIENCE, VOL. 34, NO. 1, 2018











We also note that these authors mistakenly extrapolate the extreme value of forag-
ing rate reported in our paper to infer that individual porpoises must be taking
“>10,000 fish per day.” We clearly stated in our paper that 550 prey capture attempts
per hour was the maximum hourly rate recorded from any of our porpoises. In fig-
ure 1 of the paper, we showed how the hourly buzz rate changed throughout the
deployment and reported the total buzz count for each tagged individual. The mean
buzz rate for juveniles in our study of 125 per hour (Table 1) leads to a much lower
daily ration than that erroneously inferred by Hoekendijk et al. Assuming the weight
of each small fish to be around 1 g, and a 90% prey capture success rate, our porpoises
would have consumed about 2.7 kg/24 h, which is roughly 10% of the body weight
of a young porpoise (Lockyer et al. 2003). These numbers are consistent with stomach
content analyses (Leopold 2015, Andreasen et al. 2017): Leopold (2015) states that
“young porpoises quickly become very efficient foragers on gobies. We have seen
many stomachs containing hundreds, and 30 containing the remains of over one
thousand gobies (the record-holder had remains of 5,369 gobies in its stomach).” This
is very much in line with our findings even if not from the same area or population.
Hoekendijk et al. go on to suggest that “the entire recording time period (15–23 h



period after tagging) on which the authors base their conclusions should be consid-
ered as poorly representative of a ‘normal behavior’ since the porpoises released after
being trapped should still be recovering from stress and starvation.” This is again an
extreme interpretation for which Hoekendijk et al. provide no supporting evidence.
Porpoises likely swim into pound nets following prey, and there is always fish in the
nets where the animals are trapped. We do not know to what extent porpoises feed
while in the pound net nor whether they have an elevated stress level during this
time. We did, however, make every effort to minimize stress during tagging. Por-
poises were typically only restrained for 5 min while being instrumented with the
suction cup tags and were not followed after release. Given the uncertain state of hun-
ger of porpoises at the time of release, and the scant data on how porpoises respond to
stress and starvation, it is not possible to refute Hoekendijk et al.’s assertion. But, it
certainly seems a bit constructed to argue that the entrapped porpoises do not feed in
the net and therefore must feed a lot after tagging (for the entire recording time) and
therefore show large room for compensation and, hence, resilience to disturbance. Since
our paper was published we have tagged a juvenile porpoise for 39.5 h (Fig. 1,
Table 1) providing an opportunity to explore whether potential responses to tagging
might attenuate over a longer interval. That animal targeted an average of 145 fish
per hour, producing 2,841 buzzes in the first 24 h after release, and 2,874 buzzes in
the following 15.5 h, entirely consistent with our other tagged juveniles. Although
this could be interpreted as a prolonged response to the tagging circumstances, such
an argument becomes increasingly difficult to sustain and we suggest that it is more
tempered to view the tag data as largely representative of normal behavior of the ani-
mals sampled.
In common with many tag-based studies, our data represent a small and brief sam-



ple from a single location. While these data provide the first insight into the search
and prey capture behavior of any porpoise, we certainly do not expect (nor claim in
the paper) that our results must apply to porpoises as a whole. Harbor porpoises are
opportunistic foragers with dietary preferences that likely differ between geographical
areas, seasons, and individuals. However, we reiterate that diet analyses based on
stomach contents also have several sources of bias, with the most important limita-
tion being short and differential gastric passage time (Kastelein et al. 1997, Chris-
tiansen et al. 2005, Ross et al. 2016). While our tag data represent a brief period of
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monitoring for each animal, stomach contents represent an even shorter interval of
foraging spanning a maximum of 5 h (Christiansen et al. 2005, Ross et al. 2016).
This rapid digestion process contributes to the scarcity of data from stranded animals,
which are often found with empty stomachs (Neimanis et al. 2004). Consequently,
most inferences about porpoise diet are based on stomachs from individuals bycaught
in fishing nets (but see, e.g., Andreasen et al. 2017), which are likely biased towards
prey in the nets they were targeting. There may also be a bias towards detecting
remains of larger prey in stomach contents, as smaller otoliths may deteriorate faster
(Christiansen et al. 2005, Ross et al. 2016), possibly as fast as within an hour for the
1–1.5 mm otolith of a 5 cm black goby (Gobius niger) (H€ark€onen 1986, Christiansen
et al. 2005). Most diet studies have not accounted for the differential residence time
of otoliths in the forestomach of porpoises (but see Ross et al. 2016 and Andreasen
et al. 2017), therefore likely overestimating the share of larger species in porpoise diet
(Ross et al. 2016). Thus, a complete picture of porpoise foraging will only be
achieved by combining insights from a range of different methods.



D
ep



th
 (m



)
0



10



20



30



40



50



60 buzz



B
uz



z 
co



un
t p



er
 h



ou
r



0



100



200



300



400
hp16_316a, male, juvenile, SL = 113 cm



tagged: 11/11/2016, 55°28.96’ N, 09°46.45’ E
total n = 5,715 (n1 = 2,841, n2 = 2,874)



Time of day (UTC)
1500 1900 2300 0300 0700 1100 1500 1900 2300 0300



B
uz



z 
co



un
t p



er
 m



in



0



5



10



15



20



25



30



To
ta



l b
uz



z
du



ra
tio



n 
pe



r m
in



 (s
) 



0



10



20



30



40



50



60



A



B



C



Figure 1. Foraging behavior of a juvenile harbor porpoise during a 39.5 h DTAG deploy-
ment. (A) Dive profile. Individual buzzes are marked in red. The shaded area represents twi-
light (gray) and night (black). See Wisniewska et al. (2016) for detailed methodology. (B)
Hourly buzz counts as recorded by the attached tag. Numbers for the first and last incomplete
hours are depicted with dashed lines. The animal’s sex, age class, standard length (SL), tagging
date, and location, as well as the number of buzzes recorded during the first 24 h (n1) and the
following 15.5 h (n2) are listed in the panel. The digits in the names of the individuals indicate
the year and Julian day of tag deployment. (C) Minute-wise buzz counts (black bars) and total
buzz durations (red circles) illustrating the different foraging strategies employed by the por-
poise with numerous short buzzes during pelagic dives, and fewer longer buzzes when target-
ing benthic or demersal prey.
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Finally, we wish to clarify two important misapprehensions of Hoekendijk et al.
(2018) with regard to our paper. Nowhere in our paper do we make the claim that
porpoises do not feed on species of commercial interest: our echo analysis method pro-
vides little information on the prey species targeted. While we see how our sentence
“the consistently small fish targeted by the four porpoises with measurable echograms
suggest that their diet has little overlap with commercial fisheries” could have been
misunderstood, our intended message was that there was little overlap, and hence
competition, with commercial fisheries in terms of the sizes of targeted fish. This con-
clusion tallies with data from bycaught animals, as Hoekendijk et al. (2018) also
point out: with the exception of herring (Clupea harengus) and sandeels (Ammodytes
tobianus), the majority of fish found in stomachs of porpoises from Inner Danish
Waters are below the sizes of commercial interest for the given species (Sveegaard
et al. 2012). Likewise, we do not intend to dispute or draw attention away from
bycatch as the prevalent anthropogenic threat to porpoises in European coastal waters,
and we wonder how that conclusion can be reached from our paper. Like Hoekendijk
and colleagues, we consider efforts to mitigate incidental catches of porpoises in com-
mercial fisheries to be of paramount importance. We sincerely hope that our studies
using fine-scale biologging data will complement other study methods to better
define the factors that lead to such elevated bycatch and so aid in the conservation of
this species.
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Shipping is the dominant marine anthropogenic noise source in the world’s



oceans, yet we know little about vessel encounter rates, exposure levels and



behavioural reactions for cetaceans in the wild, many of which rely on



sound for foraging, communication and social interactions. Here, we used



animal-borne acoustic tags to measure vessel noise exposure and foraging



efforts in seven harbour porpoises in highly trafficked coastal waters.



Tagged porpoises encountered vessel noise 17–89% of the time and occasional



high-noise levels coincided with vigorous fluking, bottom diving, interrupted



foraging and even cessation of echolocation, leading to significantly fewer



prey capture attempts at received levels greater than 96 dB re 1 mPa (16 kHz



third-octave). If such exposures occur frequently, porpoises, which have



high metabolic requirements, may be unable to compensate energetically



with negative long-term fitness consequences. That shipping noise disrupts



foraging in the high-frequency-hearing porpoise raises concerns that other



toothed whale species may also be affected.


1. Introduction
Toothed whales rely on sound for communication, navigation and searching for



food by echolocation [1], and may therefore be impacted negatively by increased



levels of noise associated with human activities in the marine environment [2,3].



Effects may include physical damage and hearing loss for powerful transient



noise sources, such as explosions or seismic airguns [2,4], whereas more frequent,



lower-level noise exposures can cause masking and behavioural disruption that



may be hard to detect, but can have cumulative long-term effects on populations



[3]. Recent research efforts have focused on how odontocetes [5–9] respond to



transient noise sources, including pile driving, airguns and military sonars, but



little is known about the effects of shipping noise—the dominant anthropogenic



noise source in the world’s oceans [10]. The few studies on the effects of shipping



noise have primarily focused on baleen whales owing to their communication,



and thus probably sensitive hearing, at low frequencies that overlap with the



maximum power outputs of large cargo vessels [11–13]. However, it has recently



been shown that a diverse range of vessels produce substantial noise levels at even



very high frequencies, where toothed whales hear well and use sound [14,15].



Moreover, boat traffic in many coastal areas is dominated by smaller vessels



that generate noise at higher frequencies than large cargo vessels [16], raising



the possibility that vessel noise may actually be a significant, but so far overlooked



problem for odontocetes [17]. This concern may be particularly relevant for
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Table 1. Tag deployment and data summary. (The age classes of the porpoises were determined using growth curves established for Danish porpoises [26].)



animal ID hp12_272a hp12_293a hp13_102a hp13_170a hp14_226b hp15_117a hp16_264a



deployment date 28 Sep 2012 19 Oct 2012 12 Apr 2013 19 Jun 2013 14 Aug 2014 26 Apr 2015 20 Sep 2016



age class and sex juvenile C adult C



(with a calf )



juvenile F juvenile F juvenile F adult C adult C



(with a calf )



standard length (cm) 122 163 114 122 126 170 163



handling time (min) 15 3 5.5 3.5 7.5 12 10



recording duration (h) 21.9 17.7 23.7 15.3 21.7 13 11.9



time to first foraging buzz



(h)



4.1 1.4 1 0.1 0.2 0.6 0.2
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porpoises that live in areas with some of the highest shipping



densities in the world [10].



Although data are sparse, harbour porpoises have been



reported to react to ships at long ranges (800–1000 m)



[18,19], where noise, rather than the physical presence of the



vessel, is more likely to deliver the negative stimulus. Further-



more, recently, captive individuals have been shown to



respond behaviourally to low levels of relatively high-



frequency vessel noise [20]. This led us to hypothesize that



broadband shipping noise may cause behavioural disruptions



in porpoises despite them having poor low-frequency hearing



compared with most other cetaceans [21]. As small marine



mammals that live in cold water requiring high feeding rates



year round [22,23], porpoises may be particularly vulnerable



to disruption of, or increased energy expenditures associated



with, foraging. Behavioural reactions that affect foraging time



[24] and increase energy expenditure over short time periods



may accumulate over repeated exposures and impact the



long-term fitness of animals. In spite of these concerns, very



little is known about vessel encounter rates, exposure levels



and avoidance reactions of any small odontocetes in the wild,



including porpoises. To address this, we here use sound



recording tags to study the foraging rates of harbour porpoises



as a function of the vessel noise they experience. We show that



the tagged porpoises were exposed to vessel noise between 17



and 89% of the time, and that they interrupted foraging in the



presence of high-noise levels, which may have adverse effects



on populations in industrialized coastal waters.


2. Results
Wideband sound and movement recording tags (DTAGs [25])



were deployed on seven porpoises yielded high-quality record-



ings (i.e. with little sliding of the suction cup-attached tag,



clear buzzes, low flow noise and long duration of between



11.9 and 23.7 h, table 1; electronic supplementary material,



figure S1).



(a) Foraging rates
The seven porpoises performed short (1–3 min long) foraging



dives to depths of 5–50 m (e.g. figure 1), where they produced



a total of 380–3400 buzzes (table 2), an indication of prey



encounters [23], with an hourly rate of 0–550 buzzes. Exclud-



ing time intervals with rain (e.g. figure 1) or non-vessel



sound transients, for example, owing to water splashing, the


proportion of 1 min intervals with at least one buzz ranged



from 18 to 76% and averaged approximately 50% (table 2; elec-



tronic supplementary material, table S1). While few data were



collected during night-time for hp13_170a and hp16_264a, all



but one porpoise (hp15_117a) seemed to forage primarily



after dusk (table 2 and figure 1).



Prey pursuits involved significant increases in flow noise in



the tag recordings, in some cases even at high frequencies



(greater than 50 kHz) (electronic supplementary material,



figure S2). However, 0.5 s averages of one third octave levels



(TOLs, i.e. the root mean square (rms) sound pressure level



in one third octave bands) in the 16 kHz band during foraging



(i.e. 5 s before the start of each buzz and until the end of the



buzz) were largely independent of the animals’ swimming



activity and rarely exceeded 90 dB re 1 mPa (figure 2; electronic



supplementary material, figure S2).



(b) Vessel noise exposure
The proportion of time in which vessel noise was audible to



expert listeners varied widely across the tagged animals, from



approximately 17% for two animals to more than 65% for



four animals (table 2 and figure 1). The high exposure rates



of the latter individuals may be a consequence of the areas



in which these animals stayed. Three of these porpoises



were tagged in the narrow and heavily trafficked Great Belt



(electronic supplementary material, figure S1) while the



dive and movement profiles of the fourth animal (figure 1)



suggest that it swam south to a narrow, relatively deep-



water shipping route to Aarhus Harbour, the largest con-



tainer port in Denmark (electronic supplementary material,



figure S1; table 1). Vessel noise occurred primarily during



daytime (table 2).



Most of the received vessel noise was of relatively low level



at the frequencies that could be measured reliably, with L10



values (i.e. the noise level exceeded 10% of the time) in the



16 kHz third octave band 1–10 dB (median of 6 dB) above



baseline (i.e. periods without foraging or vessel noise;



figure 2a–g). Although for one animal (hp12_272a), only



low-level vessel noise was recorded, the remaining animals



experienced occasional high TOLs associated with vessel



passes (maximum 1 min 16 kHz TOLs of 102–118 dB re



1 mPa rms, figure 2; electronic supplementary material,



table S2). These high-noise events seemed to coincide with



the absence of buzzes (figure 2, purple overlaid with black out-



line), raising the question of whether high-level exposures led



to reduced foraging.
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Figure 1. Data from DTAG deployment on porpoise hp12_293a. (a) Dive profile. Individual buzzes are marked in red. Shading represents twilight and night. Given
the bathymetry of the area, dives deeper than 25 m must have been performed in deeper-water channels. (b) Buzz counts per minute (black bars) and buzz
durations, in seconds, summed in each minute (red circles). (c) TOLs. Shown are the TOL10, i.e. the noise levels in each third octave that are exceeded 10%
of the time within each minute, excluding time spent by the animal at the surface during respirations and logging, which emphasizes the highest exposure
levels, that is the levels most likely to explain any behavioural reaction. Periods with audible noise from vessels are marked in scarlet in the lower panel (vessels
present, VP). (d ) Noise levels in the third octave band centred at 16 kHz. Light-grey circles show 0.5 s trimmed mean averages prior to exclusion of segments
dominated by loud transients (e.g. surface splashes, see Material and methods). Orange circles show 1 min TOL10 noise levels.



Table 2. Overview of foraging buzz data, excluding time intervals dominated by rain, splashing and loud transients (see also electronic supplementary material,
table S1), and estimates of vessel exposure rates for the entire recording period. (Night was assumed to start after civil dusk.)



animal ID hp12_272a hp12_293a hp13_102a hp13_170a hp14_226b hp15_117a hp16_264a



total buzz count 1856 1381 3408 1222 3232 906 383



number of minutes analysed 897 907 1160 306 690 700 493



buzz-positive minutes 352 (39.2%) 532 (58.7%) 565 (48.7%) 217 (70.9%) 523 (75.8%) 402 (57.4%) 88 (17.8%)



daytime buzz-positive minutes 65 (17.7%) 83 (27.1%) 124 (17.8%) 114 (60.0%) 383 (73.0%) 304 (64.1%) 22 (5.9%)



night-time buzz-positive minutes 287 (54.2%) 449 (74.7%) 441 (95.0%) 103 (88.8%) 140 (84.9%) 98 (43.4%) 66 (55.0%)



vessel noise exposure rate (%) 37 70 89 17 18 89 66



vessel noise exposure rate-day/



night (%)



51/17 55/81 88/92 3/87 22/10 88/93 77/45
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(c) Porpoise behaviour during high-level exposures
The behaviour of the porpoise that received the maximum



noise exposure (hp12_293a) is shown in figure 3 and the elec-



tronic supplementary material, video S1. Vessel automatic



identification system (AIS) data at the time of the noise


exposure, together with the rapid increase and decrease in



noise, suggest that the source was one of the fast ferries



moving between the island of Zealand and the Jutland Penin-



sula (electronic supplementary material, figure S1). Doppler-



shift analysis of the signal recorded by the tag indicates a
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Figure 2. Noise levels recorded on the seven porpoises (a – g) during three time categories: (i) baseline (i.e. outside of foraging or vessel noise exposure as judged by
expert listeners; blue), (ii) during prey pursuit but outside of periods of vessel noise exposure (orange), and (iii) during vessel noise exposure, whether or not the porpoise
was foraging ( purple). The distribution of noise levels in the last category is overlaid with an outline of the distribution of levels during vessel noise exposure with time of
prey pursuits excluded (black solid line) to illustrate the relative contribution of noise from vessels only. Noise levels are the 0.5 s trimmed mean average rms received
levels in a 16 kHz third octave band for periods free of loud transients. The shaded areas correspond to the 16 kHz TOL exceeded 10% of the time, i.e. TOL10. VET gives per
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speed of 33 knots and a closest approach to the porpoise of



140 m. Moreover, the spectral characteristics of the noise



(figure 3c) strongly resemble those of the same fast ferries



recorded at similar ranges [14]. This porpoise had been echo-



locating and foraging continuously prior to the exposure, but



ceased regular echolocation at about the time when the ferry



became audible in the recording (figure 3b), approximately



7 min before the point of the closest approach. Given the esti-



mated speed of the vessel, this time corresponds to a reaction



distance of approximately 7 km. As the 0.5 s 16 kHz TOL



increased to 100 dB re 1 mPa, the porpoise dove away from



the surface while fluking vigorously (figure 3c–f ). When



the noise levels decreased again, the animal resurfaced



(figure 3c–f ). Regular foraging behaviour resumed 8 min



later, 15 min after it was first interrupted.



A similar reaction was recorded from another porpoise



(hp14_226b), 2 years later (electronic supplementary material,


figure S3c–f ). The Doppler-shift method gave a speed esti-



mate of 14.5 knots and a closest approach distance of 80 m,



consistent with a maximum 0.5 s 16 kHz TOL of 107 dB re



1 mPa rms for this exposure. This porpoise also interrupted



foraging and dove to deeper water when the vessel noise



became audible; it resumed foraging soon after the vessel



passed (electronic supplementary material, figure S3).



Aurally and temporally, this vessel encounter and several



others from the same recording (electronic supplementary



material, figure S3a,b) were consistent with a fast ferry, imply-



ing that this porpoise was repeatedly passed by fast ferries



during the 21.7 h tag attachment.


(d) Effects of vessel noise on foraging rates
To investigate whether repeated exposures to high-level vessel



noise led to a pattern of reduced foraging, we performed a
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Figure 3. Diving and foraging behaviour of porpoise hp12_293a around the time of passage of a presumed fast ferry. (c – f ) A close-up of the period delineated by
the grey frame in (a,b). (a,d ) 16 kHz TOLs (0.5 s trimmed mean averages over 1 ms measurements). (b,e) Dive profile with the time during which the porpoise
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series of permutation tests, which compared the buzz count



and total buzz duration in minutes with high- and low-level



noise. This requires defining a threshold to separate high-



and low-noise intervals. When averaged over 1 min, the vast


majority of activity-related flow noise in the 16 kHz third



octave band was below 90 dB re 1 mPa (figure 2; electronic



supplementary material, table S2), making 96 dB the lowest



usable threshold allowing a minimum 6 dB difference between
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low and high levels. Tougaard et al. [3] suggest that the



threshold for behavioural reaction of porpoises to anthropo-



genic noise is approximately 100 dB re 1 mPa rms (averaged



over 125 ms window) at 16 kHz making this a reasonable



choice. Six of the seven porpoises were exposed to greater



than 96 dB 16 kHz TOLs for a minimum of 5 min (electronic



supplementary material, table S3). Of those, one individual



produced significantly longer buzzes in the high-noise



group, but showed no significant differences in buzz counts



between the low- and high-noise groups. Another individual



showed no significant differences in buzz count or duration.



The four remaining porpoises produced fewer buzzes in the



minutes with high-level vessel noise, with the differences



being significant ( p , 0.05, 10 000 permutations) at thresholds



of 96 dB re 1 mPa for three animals and at 102 dB re 1 mPa for



the fourth porpoise. For these four individuals, buzzes



tended to be longer in the low-noise group, significantly so



for three of them at a threshold of 96 dB re 1 mPa (electronic



supplementary material, table S3). The exposure time to



vessel noise levels that exceeded the threshold for reduced fora-



ging was relatively short, ranging from 0.9 to 4.3% of the



analysed minutes (electronic supplementary material,



table S3).


3. Discussion
Worldwide shipping, the primary source of underwater



anthropogenic noise, is contributing to chronic acoustic pol-



lution in many marine habitats [27,28]. But the overall impact



of this large-scale environmental modification is difficult to



assess because of the lack of comparable control areas without



noise pollution. Effects are only measureable when there are



step changes in the noise level above the gradually increasing



baseline levels [28–30], e.g. owing to changes in vessel speed



or routing. The few available reports on the effects of vessel



activity on cetaceans mention short-term avoidance reactions



[18,19], physiological stress responses [31] and habitat displace-



ment [32]. Such reports have raised awareness of a potential



problem (e.g. [33]) and have led to long-term noise monitoring



programmes, e.g. as required to evaluate habitat quality under



the European Marine Strategy Framework Directive [34–36].



However, data on how often individual toothed whales



encounter vessels, the resulting noise exposure levels and the



frequency and severity of reactions are scarce. Most impor-



tantly, almost nothing is known about whether vessel activity



interferes with vital behaviours such as feeding (but see [37])



and if this occurs often enough to have biologically significant



effects on the fitness of individuals and populations [38,39].



The present study addresses these knowledge gaps by



measuring the vessel noise budget of free-ranging harbour



porpoises under natural conditions in relation to their fine-



scale foraging behaviour; to our knowledge the first for any



toothed whale. Throughout data collection, we deliberately



did not follow the tagged animals to avoid adding to their



vessel noise exposure. This means that our results represent



the actual authentic noise budget, but also that we are reliant



on tag data both to measure exposure and to infer response.



The multiple tag sensors and stereotyped acoustic behaviour



of porpoises, verified in captive studies (e.g. [40,41]), make it



possible to quantify their foraging behaviour with high accu-



racy. Quantifying noise exposure on free-ranging animals is



more complicated owing to the presence of noise from water


flowing around the tag, surface splashes and impact sounds,



as well as sounds originating from the animal itself. We manu-



ally marked splash and impact events in all of the recordings



and excluded these from spectral analysis. Clicks from the



tagged animal were excluded by taking the trimmed mean of



spectra computed over successive short intervals. Flow noise



was minimized by using measurements at high frequencies



as proxies for the total noise exposure. These frequencies,



while falling on the low edge of the best hearing range of por-



poises [21], and thus being highly relevant to these high-



frequency specialists, make our results difficult to compare



with long-term noise data, because most monitoring studies



do not extend that high (e.g. [36]). However, given the typical



spectra of vessel noise that decrease with increasing frequency,



high levels at high frequencies very likely translate into higher



levels at lower frequencies [14]. Our methodology does not



allow for exploring the cues porpoises may use to assess the



immediacy of threat from vessels. However, our aim was not



to investigate such explanatory scenarios, but rather to assess



whether wild porpoises respond to vessel passes and what



impact responses could have. We argue that to achieve this



objective, the proxy chosen here, i.e. the noise level actually



experienced by the animal, is reasonable and can be measured



robustly enabling comparison with other studies.



Evaluation of the tag recordings by experienced listeners



revealed that the porpoises encountered vessels frequently



(table 2), albeit primarily at long ranges, as indicated by the pre-



vailing low received levels (figure 2; electronic supplementary



material, table S2). The resultant lack of baseline data and the



variable foraging strategies of porpoises (table 2; [23]) make



statistical testing of effects of ship encounters on foraging



rates challenging. Despite this, the data reveal a statistically sig-



nificant decrease in prey capture attempts during exposures to



vessel noise at values closely matching the reaction threshold



predicted by Tougaard et al. [3], albeit with some interindivi-



dual variability (electronic supplementary material, table S3).



While these results should be interpreted with caution owing



to the small relative number of minutes with high-noise level



(electronic supplementary material, table S3) and the lack of



baseline noise-free periods, they strongly indicate that exposed



porpoises produce fewer foraging buzzes in the presence of



high-level vessel noise, whether the received noise level is an



explanatory factor for the responses, or merely a corollary of



vessel proximity [37]. Under the assumption that the foraging



rates recorded under less acute exposure conditions reflect



unperturbed foraging rates, the fact that relatively few disturb-



ances were recorded by the tags would suggest a minimal



fitness cost of exposure. Crucially, however, that assumption



may be wrong and even just a few per cent of decrease in fora-



ging may have significant effects on fitness of these small



animals that must keep warm in cold waters [22,42,43],



especially when accumulated with other disturbances [44].



The generally shorter total buzz duration during high-noise



exposure (electronic supplementary material, table S3) suggests



little if any increased effort per prey in the form of a longer pur-



suit, or perhaps premature termination of prey pursuits. Thus, a



lower energy intake could result from lost foraging opportu-



nities, a shift to an easier, lower quality prey, or failed prey



captures, these effects probably being additive, context-depen-



dent and accompanied by higher energy expenditure owing to



increased swimming activity.



Two specific examples involving porpoises of different ages



and sexes demonstrate energetic responses to close vessel
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passes despite their frequent exposure to more distant boat



noise (table 2). In both cases, vessel noise had spectral and tem-



poral characteristics consistent with a fast ferry (figure 3;



electronic supplementary material, figure S3). Both animals



dove deeper, increased swimming effort and interrupted their



foraging activities during the vessel pass with one of them



abandoning echolocation altogether. The responses therefore



caused not only missed foraging opportunities, but also



increased energy expenditure, as well as potentially a greater



risk of swimming into fishing nets that would normally be



detected by echolocation. The estimated reaction distance of



7 km for one of the porpoises, together with the poor under-



water visibility in Danish waters (less than 10 m) and the very



small fraction of time spent by the animals with their eyes out



of the water, reinforces the notion that threat from vessels was



primarily perceived acoustically [37], whether the response



was triggered by noise level, rate of change of noise level,



noise spectrum or all of the above. The observation of a



15 min cessation of foraging associated with a single close



vessel pass suggests that the impact of vessels may extend



longer than the interval in which noise levels exceed a high



threshold, and the vessel is close. Those 15 min would corre-



spond to 23 prey capture attempts, if the animal continued to



buzz at the average rate recorded just prior to and just after



the exposure, and up to 88 attempts, if maximum 15 min



buzz count for this animal was assumed. Given the frequency



of the fast ferry service in the area chosen by these animals



for foraging, it is likely that they experience close passes often



(electronic supplementary material, figure S3). Thus, the



strong responses to high-level vessel passes reported here



suggest that these animals have not habituated to the noise.



This is in agreement with the findings of Dyndo et al. [20],



who observed that porpoises showed a robust and stereotypical



porpoising reaction to some boats, despite their long-term



residence in a harbour enclosure.



AIS records for the study area indicate a wide spatial vari-



ation in traffic density consistent with the complex coastline



and varying bathymetry (electronic supplementary material,



figure S1). In particular, large ship traffic concentrates in



deeper channels that allow access to ports or open water.



Tagged porpoises did not appear to avoid such highly trafficked



areas, perhaps because these overlapped with important fora-



ging habitats. Locally deep waters may aggregate fish and



offer distinctive and valuable resources (e.g. [45]). For porpoises,



they may thus constitute ‘acoustic hotspots’ where noisy anthro-



pogenic activities overlap with important habitats [46].



The spatial variability of vessel encounter rates (table 2; elec-



tronic supplementary material, figure S1) and the wide range of



received noise levels (electronic supplementary material, table



S2; figure 2) probably also reflect differences in the type of



boat traffic. Vessel, engine and propeller design [14,16], as well



as speed and load [14,15,47], all affect the spectral characteristics



of the generated noise and the duration of the exposure. Such a



wide range of noise sources may require animals to develop a



number of strategies to cope with exposure. Many behavioural



reactions may be subtle and so go unnoted, even though cumu-



latively they could represent a significant disturbance. As a



result, convincingly demonstrating behavioural responses to



noise under natural conditions is notoriously difficult (e.g.



[6]), especially because the history of the animal’s exposure to



vessel noise is rarely known. In the consistently noisy inner



Danish Waters, porpoises may have developed behavioural



strategies and/or compensatory mechanisms, e.g. an increase


in vocalization amplitude [48], to combat elevated noise levels,



and the absence of a control population makes it impossible to



assess the full cost of these. Here, we focus on the additional



loss of foraging effort owing to close vessel passes as the most



reliably quantifiable and biologically relevant response variable.



In doing so, we probably underestimate the full effect of vessel



noise on porpoises.


4. Conclusion
We quantified the vessel noise budget of seven harbour



porpoises in their natural environment, to our knowledge the



first time this has been achieved for any toothed whale. We



show that porpoises in a busy coastal habitat are frequently



exposed to vessel noise. Although most exposures are at low



levels, occasional high-level exposures with rapid onset occur



when vessels pass close to animals or at high speeds. Observed



reactions to such vessel passes involved vigorous fluking, inter-



rupted foraging and even cessation of echolocation. Such



exposures led to a general pattern of reduced foraging effort in



the presence of noise levels greater than 96 dB re 1 mPa rms in



the 16 kHz third octave band, although we probably underesti-



mate the total impact of noise because animals may have already



adjusted to the elevated average noise levels or be affected by



them offering no real baseline. Given the high metabolic require-



ments and near continuous foraging reported for porpoises in



this area, missed foraging opportunities during frequent boat



passes could have a significant cumulative effect on body con-



dition and vital rates. As high-frequency echolocators,



porpoises use signals well beyond the low frequencies predomi-



nantly produced by vessels, and thus, our results raise concerns



about the effects of vessel noise on other lower-frequency



toothed whale species.


5. Material and methods
(a) Study area
The study was conducted in the inner Danish waters of Kattegat



and the Belt seas (electronic supplementary material, figure S1),



which are relatively shallow with depths rarely exceeding 50 m



and averaging 23 m. The Sound, Great Belt and eastern Kattegat



serve as narrow, deeper-water connections between the Baltic Sea



and the North Sea, making these straits heavily trafficked at all



times of the day by large ships, such as tankers and bulk freighters,



but also diverse smaller vessels, including fishing boats [49]. Ship



traffic in southern Kattegat between the Jutland Peninsula and



the island of Zealand includes a fast passenger ferry line operating



up to 24 passes a day. From late spring to early autumn, the coastal



waters are occupied by widespread leisure boating activities.



(b) Data collection
Between September 2012 and September 2016, 19 porpoises inci-



dentally trapped in pound nets set by local fishermen were



equipped with DTAG-3 tags [25]. Tagging was carried out



within 24 h of discovering a porpoise in the net. For tagging, the



porpoise was carefully lifted onboard a fishing boat and placed



on a soft pad. Its sex was determined, body condition evaluated



and morphometric measurements were taken. Only animals that



seemed in good health from an external examination were



equipped with a tag. The porpoise was handled on the boat for



no more than 15 min (table 1) before being released several



hundred metres from the net.
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The suction cup-attached tag was placed dorsally approxi-



mately 5 cm behind the blowhole to ensure good quality



recordings of the low-level clicks of foraging buzzes [40] and to



minimize noise associated with the animal’s propulsion. The tags



measured 7 � 17� 3.5 cm and weighed 221–321 g in air and



were slightly positively buoyant in water to facilitate recovery.



They sampled 16 bit stereo audio at 500 kHz (179 dB re 1 mPa



clip-level; approximately flat frequency response at 0.5–150 kHz),



as well as three-dimensional orientation and pressure sensors at



250–625 Hz (16 bit). To avoid biased estimates of noise pollution,



the DTAG-equipped porpoises were not followed after release;



the tags were detached actively or passively after 12 to more than



24 h and were recovered with the aid of aerial VHF radio tracking



and in some cases ARGOS satellite telemetry.



(c) Data analysis
Data processing and analysis were performed using MATLAB



R2013b (MathWorks, Inc.). Tag acoustic recordings were evaluated



by headphone-listening and visual inspection of spectrograms



(Hamming window, fast Fourier transform (FFT) size ¼ 512, 75%



overlap) computed over consecutive 5 s segments of the data. A



corresponding dive profile was displayed in the same plot (for



MATLAB code, see www.soundtags.org). All intervals with detect-



able vessel noise, rain or loud transients were marked, as were



respirations, logging periods at the sea surface and high-rep-



etition-rate click sequences. The high-rate click sequences were



classified as pulsed communication calls [50] or foraging buzzes



accompanying prey capture attempts by the tagged animal [40]



using published criteria [23].



Intervals with audible vessel noise were checked on a dive-by-



dive basis to remove short periods when the tag was out of the



water from the total exposure time. Similarly, the durations of all



respirations and logging events (with a 0.5 s guard window to



account for masking when animals break the surface) were sub-



tracted from the time with no detectable vessel noise. Periods



when vessel noise was uncertain, for example, owing to masking



during rain or high sea state, were considered vessel-free. Our



vessel exposure rates are, therefore, conservative estimates.



Foraging and noise measures were quantified in consecutive



1 min segments of the data. This interval spans the approximate



duration of a typical porpoise dive in the area and allows reliable



estimates of rapidly fluctuating noise levels from vessels passing at



high speeds. A dip in the distributions of inter-click-intervals at



15 ms was used to detect the start and end of buzzes [23]. Data



prior to the first foraging buzz were excluded to allow for a post-



tagging recovery period [6] and thereby minimize the potential



for confound owing to a stress response to handling. This time



interval varied from 0.2 to 4.1 h (table 1), but a minimum time of



1 h after tagging was excluded. As the animals switched between



benthic, demersal, pelagic and surface foraging, they adapted their



acoustic behaviour resulting in prolonged buzzes in some foraging



modes. Such buzzes could represent a long pursuit of a repeatedly



escaping prey, or a series of captures on several schooling prey. To



allow for both possibilities, foraging effort was quantified by both



the number of buzz sequences and their total duration in each



1 min segment. Noise level was quantified in a two-step pro-



cedure; to eliminate sound energy from the animal’s powerful



100 ms clicks, the noise level was first measured in 1 ms intervals



and averaged over a 0.5 s time window as a trimmed mean dis-



carding the highest 10th percentile of the data in each one third



octave band (see below). To estimate the highest noise level, i.e.



the level most likely to explain any behavioural reaction, the 0.5 s



averages were ordered within each minute and the 90th percentile



identified. This corresponds to the L10 statistical noise level, a



robust estimate of the highest noise level. Time spent by the



animal at the surface with the tag out of the water during breathing



and resting (typically 0.5–30 s) was excluded in each minute



before ordering. Similarly, recording blocks dominated by rain,


splash noise from the animal breaking the surface, breaking



waves down to 2 m depth or loud transients that were not



judged to come from vessels, but rather zero padding of rare unde-



codable data chunks or debris hitting the hydrophones, were



excluded from further processing. Finally, time intervals domi-



nated by the animal’s calls or loud air recycling sounds were



also excluded. If more than 40 s of a given 1 min segment were



discarded, the whole minute was excluded.



Noise level was quantified as one third octave levels, which



approximate the filter-bank model of the mammalian auditory



system [2,51]. Third octave bands with centre frequencies at 63



and 125 Hz have been suggested as proxies for general levels



from shipping [34]. However, harbour porpoises have poor low-



frequency hearing [21] with signal detection thresholds below



1 kHz probably higher than the ambient TOLs in southern Katte-



gat [14]. As porpoises have been shown to react to the high-



frequency components of vessel noise [20], a third octave band



centred at 2 or 10 kHz has been proposed as a more appropriate



indicator of shipping noise relevant for these high-frequency



specialists [14,52]. However, sound recordings made on a



moving animal contain significant activity-dependent flow noise



at low-to-mid frequencies, which complicates the measurement



of ambient noise, especially during energetic pursuits of prey. To



determine the lowest third octave band that is relatively free of



flow noise in most activities, we examined the relationship



between TOLs recorded in the absence of vessel noise, and log(J )



a proxy for swimming activity (electronic supplementary material,



figure S2), where J is the rms jerk [53] in a 0.5 s time window. For



the 1 min averages, we computed the 90th percentile of the 0.5 s



jerk measurements corresponding to the intervals included in



the noise analysis. From this analysis, we chose the 16 kHz third



octave band to characterize ambient noise.



Relative speed and closest point of approach (CPA) to the



tagged animal were estimated for a subset of eligible vessels,



by measuring the Doppler shift of tones generated by the vessels’



engines, gearboxes and propellers [54] and recorded by the tag.



The inflection point of the frequency shift of the tone was ident-



ified in the spectrogram of the vessel recording and a sigmoid



curve was fitted to the data. Vessel velocity and CPA were esti-



mated using the Doppler equation, assuming a stationary



receiver and a sound speed of 1500 m s21. The method requires



high-quality recordings of the tones, which limited the dataset



to less than 10 of the recorded vessels. In the remaining vessel



passes, the tones were masked by cavitation noise and other



broadband contributions from the vessel movement.



(d) Statistical analysis
Statistical analyses were carried out using R v. 3.3.2 (http://



www.R-project.org) with the perm package.



Following an exploratory analysis of model fitting, we split the



1 min measurements for each animal into groups with low- and



high-level noise and then tested for a difference in the distribution



of buzz count and total buzz duration between groups using a



two-sample permutation test corresponding to the central Fisher’s



exact test [55]. The noise level threshold for identifying the



high-level group was increased stepwise in 3 dB intervals.



An initial 6 dB buffer was used between the high- and low-



level groups, i.e. minutes with average noise levels , threshold,



but �(threshold-6 dB) were excluded from the analysis. The



low-level group remained constant, i.e. number of minutes in the



buffer increased as the high-level threshold increased. A one-



sided permutation t-test evaluated whether minutes with



high-level noise contained a lower number of buzzes than minutes



with low-level noise. A two-sided test was used for total buzz dur-



ation, because more buzzing time could indicate an increased



foraging activity, or an increased effort per prey. The permutation



test was run if at least 5 min exceeded the threshold level for each



animal. The p-values were estimated from 104 replications.
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Abstract
Offshore wind farms constitute a new and fast growing industry all over the world. This study
investigates the long term impact on harbour porpoises, Phocoena phocoena, for more than
10 years (2001–12) from the first large scale offshore wind farm in the world, Nysted Offshore
Wind Farm, in the Danish western Baltic Sea (72× 2.3 MW turbines). The wind farm was
brought into full operation in December 2003. At six stations, acoustic porpoise detectors
(T-PODs) were placed inside the wind farm area and at a reference area 10 km to the east, to
monitor porpoise echolocation activity as a proxy of porpoise presence. A modified statistical
BACI design was applied to detect changes in porpoise presence before, during and after
construction of the wind farm. The results show that the echolocation activity has significantly
declined inside Nysted Offshore Wind Farm since the baseline in 2001–2 and has not fully
recovered yet. The echolocation activity inside the wind farm has been gradually increasing
(from 11% to 29% of the baseline level) since the construction of the wind farm, possibly due
to habituation of the porpoises to the wind farm or enrichment of the environment due to
reduced fishing and to artificial reef effects.

Keywords: static acoustic monitoring, long term effect, BACI design, echolocation, Phocoena
phocoena, offshore wind farm, Nysted Offshore Wind Farm, porpoise detector, T-POD

1. Introduction

Like other toothed whales (odontocetes) harbour porpoises
have good underwater hearing and use sound actively for
navigation and prey capture (echolocation). They produce
short ultrasonic clicks (130 kHz peak frequency, 50–100 µs
duration; Møhl and Andersen 1973, Teilmann et al 2002) and
are able to navigate and find prey even in complete darkness.
Porpoises tagged with acoustic data loggers indicate that they

Content from this work may be used under the terms
of the Creative Commons Attribution-NonCommercial-

ShareAlike 3.0 licence. Any further distribution of this work must maintain
attribution to the author(s) and the title of the work, journal citation and DOI.

use their echolocation almost continuously (Akamatsu et al
2007, Linnenschmidt et al 2012).

Several studies on porpoises in the western Baltic Sea
have used autonomous acoustic dataloggers (T-PODs) that
record the echolocation sound of porpoises. Verfuss et al
(2007) used T-POD data from a large number of permanent
stations throughout the German part of the Baltic Sea to
estimate the relative abundance. During the environmental
assessment program at Nysted Offshore Wind Farm T-PODs
was also used to monitor the effect of the construction
and operation (Carstensen et al 2006). They reported a
strong decrease in porpoise echolocation activity following
the construction and first years of operation.
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Figure 1. Study area with Nysted and Rødsand 2 Offshore Wind Farm. Wind turbines are shown with an ‘X’ and T-POD monitoring
stations with solid circles. Three stations (ImpW, ImpN and ImpE) are located inside the wind farm and three stations (RefN, RefM and
RefS) are located in a reference area about 10 km east of the wind farm.

Offshore wind energy has grown exponentially in
European waters since the first 11 offshore turbines were
erected at Vindeby in Denmark. To be economically
sustainable wind farms are growing in size and the largest
to date will be London Array Offshore Wind Farm with 175
turbines and a capacity of 630 MW, enough for 470 000
British homes. This wind farm cover 100 km2 and comprises
only a minor part of the present and planned wind farms
in European waters (www.4coffshore.com/offshorewind/).
It has been shown that the harbour porpoise (Phocoena
phocoena) can be both positively and negatively affected
by the construction and operation of offshore wind farms
(Carstensen et al 2006, Scheidat et al 2011). As harbour
porpoises mainly live in shallow continental shelf waters in
the northern hemisphere (Hammond et al 2002, SCANS-II
2008) and as they are protected under annex II and IV of
EU’s Habitats Directive, it is important to fully understand
the potential effects of offshore wind farms, either directly
through disturbing the animals or indirectly through affecting
their habitat.

In 2002–3 Nysted Offshore Wind Farm was constructed
in the Danish part of the western Baltic Sea. Together with
Horns Rev Offshore Wind Farm, it was part of a national
demonstration program to test the feasibility and economy
of large scale offshore wind power and address potential
negative effects on the marine environment by initiating
an ambitious environmental monitoring program, parallel
to the construction and operation. The present study is a
continuation of this monitoring program and will test the
long term effect of the wind farm on harbour porpoises. In
2009–10 another large offshore wind farm (Rødsand 2, www.
eon.dk/Rodsand-2) comprising 90 turbines was constructed
only about 3 km west of Nysted wind farm. The potential
effect of this additional wind farm in the study area will also
be discussed.

2. Material and methods

2.1. Study area

The Nysted wind farm area is located south of the islands
Lolland and Falster in the western Baltic (figure 1). The area
is dominated by two large sand barriers (Eastern and Western
Rødsand), which borders a shallow lagoon from the deeper
Fehmern Belt and Kadet Trench. This narrow sandbar runs
about 25 km from Hyllekrog to Gedser and is partly exposed
at normal water levels in the middle. The shallow lagoon area
(depths 0.5–7 m), is an important area for fish, birds, seals and
coastal fishery.

The sea floor south of Rødsand at depths shallower than
10 m consists primarily of glacial depositions. The largest
part of the area is covered by sand/silt bottom with larger and
smaller ridges and with aggregations of pebbles, gravel and
shells scattered throughout the area. A small natural stone reef
(Schönheiders Pulle) is located east of Nysted Offshore Wind
Farm.

The water in the area is brackish and salinity varies with
the freshwater surface flow from the Baltic Sea and influx
of more saline bottom water from the Kattegat. The tide is
weak in the area (less than 0.5 m) and variations in water
level are mainly determined by wind and barometric pressure
differences between the Baltic Proper and the Kattegat/Danish
Straits.

2.2. Acoustic monitoring

The T-POD or POrpoise Detector is a small self-contained
battery operated data-logger that logs echolocation clicks
from harbour porpoises and other cetaceans (Chelonia, UK).
In this study we deployed the T-PODs about 1 m above the
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seafloor and downloaded data and changed batteries every
1–2 months. It is programmable and can be set to specifically
detect and record the echolocation signals from harbour
porpoises.

The T-POD consists of a hydrophone, an amplifier,
a number of band-pass filters and a data-logger that logs
echolocation clicks. It processes the recorded signals in
real-time and only logs time and duration of sounds fulfilling
a number of acoustic criteria set by the user. These criteria
relate to click length (duration), frequency spectrum and
intensity, and are set to match the specific characteristics of
echolocation clicks of harbour porpoises.

The T-POD relies on the highly stereotypical nature
of porpoise sonar signals. These are unique in being very
short (50–150 µs) and containing virtually no energy below
100 kHz. Main part of the energy is in a narrow band
120–150 kHz, which makes the signals ideal for automatic
detection. Most other sounds in the sea, with the important
exception of boat echosounders, are characterized by being
either more broadband (energy distributed over a wider
frequency range), longer in duration, with peak energy at
lower frequencies or combinations of the three. In addition
echosounders have a more regular pattern than porpoise
echolocation. The actual detection of porpoise signals is
performed by comparing signal energy in a narrow filter
centred at 130 kHz with another narrow filter centred at
90 kHz. Any signal, which has substantially more energy in
the high filter relative to the low and with a duration less than
200 ms is highly likely to derive either from a porpoise or an
echosounder. However, porpoise click trains are recognizable
by a gradual change of click intervals throughout a click
sequence, whereas boat echosounders have highly regular
repetition rates (almost constant click intervals). Clicks of
other origin tend to occur at random, thus with highly irregular
intervals.

The T-POD operates with six separate and individually
programmable channels. In this study all channels had
identical settings for each type of T-POD (table 1). Each of the
six channels records sequentially for 9 s, with 6 s per minute
assigned for change between channels. This gives an overall
duty cycle of 90% (54 s min−1). In order to minimize data
storage requirements only the onset time of clicks and their
duration are logged. This is done with a resolution of 10 µs.
The absolute accuracy of the timing of each recording is much
less, due to drift in the T-PODs clock during deployment
(a few minutes per month). Clicks shorter than 10 µs and
sounds longer than 2550 µs were discarded. The hydrophone
of the T-POD has a resonance frequency of 120 kHz and
is cylindrical and thus in principle omnidirectional in the
horizontal plane.

2.3. Data collection

To assess the long term effect of Nysted Offshore Wind
Farm T-PODs were deployed before, during and after
construction (2001–12) at three stations in the wind farm
area (impact) and at three stations 10 km east of the
wind farm (control). Data collection was partitioned into 6

Table 1. T-POD filter settings used in this study.

T-POD V1 T-POD V5

A filter frequency (kHz) 130 130
B filter frequency (kHz) 90 92
Ratio A/B 5 —
A filter sharpness (au) 5 4
B filter sharpness (au) 18
Sensitivity 0.35 8–11a

Noise filter − +

Scan limit 240 None
Minimum click length (µs) 10 10
Switch angle 254 75

a Value depend on calibration.

distinct periods: (1) baseline period (November 2001–June
2002), (2) construction period (July 2002–November 2003),
(3) operation period 1 (December 2003–December 2004),
(4) operation period 2 (January 2005–December 2005),
(5) operation period 3 (September 2008–February 2009),
and (6) operation period 4 (September 2011–March 2012).
The operation period was divided into four periods of
approximately same length to investigate a potential gradual
recovery in porpoise density, assuming that the animals may
over some time habituate to changed habitat conditions with
the introduction of hard substrate turbine foundations in a
soft-sediment environment.

In an earlier study (Carstensen et al 2006), it was found
that one of the reference stations (RefN) was apparently
strongly affected by the nearby Gedser Harbour and therefore
unsuitable as reference. Moreover, the T-POD deployment
was discontinued at ImpN after operation period 2 for
logistical reasons. As a consequence, the statistical analysis
included data from five stations for the first 4 periods and
data from four stations in the last two periods. Given the
length of the study it was necessary to replace the older
T-POD version 1 (V1) with the newer T-POD version 5 (V5)
when instruments were lost or malfunctioned. However, to
account for potential differences in sensitivity between the
two versions in the statistical model (see below), both T-POD
versions were deployed simultaneously at four stations (ImpE,
ImpW, RefS and RefM, figure 1).

Under normal conditions battery capacity and memory
in the T-PODs is sufficient for continuous operation for at
least one month and in practice even longer than this. The
time series obtained from the T-POD signals contained some
gaps where the T-PODs were not deployed or specific T-PODs
were not operating properly for various technical reasons.
The T-PODs have consistently been deployed at the same
positions. Thus, there has not been any shifting of T-PODs
between positions that could bias the statistical analyses due
to differences in T-POD sensitivity.

Prior to the first deployment the T-PODs were calibrated
in a circular cedar wood tank, 2.8 m deep, 3 m diameter
located at University of Southern Denmark’s research facility
in Kerteminde. T-PODs were fixed in a holder with the
hydrophone pointing downwards and placed 0.5 m below the
water surface. A projecting hydrophone (Reson TC4033) was
placed in the same depth, 1 m from the T-POD. Calibration
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signals were 100 µs pulses of 130 kHz pure tones, shaped
with a raised cosine envelope. Signals were generated by
an Agilent 33250A arbitrary waveform generator. Projector
sensitivity was measured prior to calibration by placing a
reference hydrophone (Reson TC4034) at the position of the
T-POD hydrophone.

T-PODs were presented with groups of 130 kHz pulses
of decreasing sound pressure. Threshold was defined as the
sound pressure level at which 50% of the transmitted pulses
were recorded by the T-POD. Thresholds were determined
for 6 out of the 16 possible sensitivity settings and for four
different angles of incidence (all in the horizontal plane).
V1 T-PODs had a significantly lower sensitivity compared
to V5 T-PODs (see also intercalibration section below) and
were only used with the most sensitive settings. Following
calibration the settings of V5 T-PODs were adjusted to match
as closely as possible a sensitivity of 127.5 dB re 1 µPa.

The V1 T-PODs were equipped with 8 MB memory and
powered by 6 D-cell type batteries, providing power for a little
more than one month. V5 T-PODs have 128 MB memory and
are powered by 15 D-cell type batteries, which can power
the unit for up to 60 days. The memory will normally fill in
1–2 months depending on echolocation activity, background
noise and software settings. Data was downloaded with the
T-POD.exe program (version 5.1 for V1 T-PODs and 8.23 for
V5 T-PODs) designed for communication with the T-POD and
subsequent analysis of data. Harbour porpoise echolocation
clicks were extracted from the background noise using a
filtering algorithm that filters out non-porpoise clicks such as
cavitation noise from boat propellers, echo sounder signals
and similar high frequency noise. This filter has several
classes of confidence of which the second highest class
(‘cetaceans all’) was used. Data were exported in ASCII
format for statistical analysis after filtering.

The detection range of the V1 and V5 T-POD has been
determined in the field and shows a maximum range of 350 m
from the T-POD, with a detection function decreasing with
increasing distance (Kyhn et al 2012), However, the detection
function is strictly dependent on the detection threshold of the
individual T-POD.

Field experiments and sound propagation models have
shown that detection of porpoise echolocation may depend on
the deployment depth of the T-PODs (DeRuiter et al 2010).
To avoid variability due to depth, all T-PODs in this study
were deployed at similar water depth (6–9 m) and moored 1 m
above the bottom.

2.4. Porpoise activity indicators from T-POD signals

Four indicators were extracted from T-POD signals having a
constant frequency of 1 min. This signal, denoted xt, described
the recorded number of clicks per minute and consisted
of many zero observations (no clicks) and relatively few
observations with click recordings. The click intensity per
minute was aggregated into daily observations of:

PPM = Porpoise Positive Minutes

=
Number of minutes with clicks

Total number of minutes
=

N{xt > 0}
Ntotal

CPPM = Clicks per Porpoise Positive Minute

=
1

N{xt > 0}

∑
xt>0

xt.

Another approach was to consider the recorded click
as a point process, i.e. separate events occurring within
the monitored time span. Therefore, we considered xt as a
sequence of porpoise encounters within the T-POD range
of detection separated by silent periods without any clicks
recorded. Porpoise clicks were often recorded in short term
sequences consisting of both minute observations with and
without clicks. Such short term sequences were considered
to belong to the same encounter although there were also
silent periods (no minute clicks) within the sequence. We
decided to use a silent period of 10 min to separate two
different encounters from each other. This threshold value
was determined from graphical investigation of different
time series of xt. Thus, two click recordings separated by
a 9 min silent period would still be part of the same
encounter. Converting the constant frequency time series into
a point process resulted in two new indicators for porpoise
echolocation activity.

Encounter duration = Number of minutes between

two silent periods

Waiting time = Number of minutes in a silent period

> 10 min.

This implied that waiting times had a natural lower
bound of 10 min, and that encounters potentially included
zero minute recordings. Encounter duration and waiting times
were computed from data from each T-POD deployment
individually identifying the first and last encounters and the
waiting times in-between. Consequently, each deployment
resulted in one more observation of encounter duration,
since the silent periods at beginning and end of deployment
were truncated (interrupted) observations of waiting times.
Encounter duration and waiting time observations were
temporally associated with the time of the midpoint
observation, i.e. a silent period starting 30 September at 12:14
and ending 1 October at 1:43 was associated with the mean
time of 30 September 18:59 and categorized as a September
observation.

2.5. Statistical analysis

The indicators were analysed according to a modified
BACI design (Green 1979) that included station-specific and
seasonal variation as well. Variation in all four indicators
reflecting different features of the same porpoise echolocation
activity were assumed to be potentially affected by the
following factors (4 fixed and 2 random) and combinations
thereof.

• Area (fixed factor having 2 levels) describes the spatial
variation between control and impact area. The factor is
fixed because inference is made for these two areas only.
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Table 2. List of transformation, distributions and back-transformation employed on the four indicators for harbour porpoise echolocation
activity.

Indicator Transformation Distribution Back-transformation

Daily intensity (PPM) Logarithmic—log(y) Normal exp(µ+ σ 2/2)a

Daily frequency (CPPM) Angular–sin−1(
√

y) Normal sin2(µ)

Encounter duration Logarithmic—log(y) Normal exp(µ+ σ 2/2)a

Waiting time Logarithmic—log(y− 10) Normal exp(µ+ σ 2/2)+ 10a

a The back-transformation of the logarithmic transformation can be found in e.g. McCullagh and
Nelder (1989), p 285.

• Station (area) (random factor having five levels) describes
the station-specific variation (ImpW, ImpN, ImpE, RefM
and RefS) within area. This factor is random in order to
infer for all possible spatial sampling locations within the
two areas.
• Period (fixed factor having 6 levels) describing the dif-

ference between baseline, construction and 1–4 operation
periods. The factor is fixed because inference is made for
these six periods only.
• Month (fixed factor having 12 levels (all months))

describes the seasonal variation by means of monthly
values. The factor is fixed because all levels are sampled.
• Podtype (fixed factor having 2 levels) describes the

difference between V1 and V5 T-PODs. The factor is fixed
because inference is made for these two types only.
• Podid (random factor having 14 levels) describes the

random variation between different T-PODs for V1 and V5
separately. This factor is random in order to infer for the
deployments of various T-PODs in general instead of the
14 used in the present study.

Three of the fixed factors (main factors area, pe-
riod, month), and their four interactions, described the
spatial–temporal variation in the echolocation activity,
whereas podtype described a potential difference in the
indicators obtained with V1 versus V5 T-PODs. The use of
different T-POD versions was assumed not to interact with
the spatial–temporal variation, and consequently interactions
between podtype and all the spatial–temporal components
(first four factors in the list above) were disregarded in
order to limit the model. Thus, variations in the echolocation
indicators, after appropriate transformation, were assumed
Normal-distributed with a mean value described by the
equation for:

µijkl = areai + periodj + areai × periodj +monthk + areai

× monthk + periodj ×monthk + areai

×periodj ×monthk + podtypel. (1)

Random effects of the model included station (area) and any
derived interactions with the fixed spatial–temporal factors as
well as podid (podtype) that had a version-specific variance,
i.e. different magnitude of variation between T-PODs for V1
and V5.

The temporal variation in the indicators was assumed to
follow an overall fixed seasonal pattern described by monthly
means, but fluctuations in the harbour porpoise density in

the region on a shorter timescale may potentially give rise to
serial correlations in the observations. For example, if a short
waiting time is observed the next waiting time is likely to be
short as well. Similar arguments can be proposed for the other
indicators. In order to account for any autocorrelation in the
residuals we formulated a covariance structure for the random
variation by means of an ARMA(1,1)-process (Chatfield
1984) subject to observations within separate deployments,
i.e. complete independence was assumed across gaps in the
time series.

Transformations, distributions and back-transformations
were selected separately for the different indicators by
investigating the statistical properties of data (table 2). The
data comprised an unbalanced design, i.e. uneven number
for the different combinations of factors in the model, and
arithmetic means by averaging over groups within a given
factor may therefore not reflect the ‘typical’ response of that
factor because they do not take other effects into account.
Typical responses of the different factors were calculated by
marginal means (Searle et al 1980) where the variation in
other factors was taken into account.

Waiting times had a natural bound of 10 min imposed by
the encounter definition, and we therefore subtracted 9 min
from these observations before taking the logarithm in order
to derive a more typical lognormal distribution. Applying
the log-transformation had the implication that additive
factors, as described in equation (1), were multiplicative
on the original scale. This meant that e.g. the seasonal
variation was described by monthly scaling means rather
than additive means. Variations in the four indicators were
investigated within the framework of generalized linear mixed
models (McCullagh and Nelder 1989), and the significance of
the different factors in equation (1) was tested using the F-test
(type III SS) for the normal distribution (SAS Institute 2003).

The factor area × period, also referred to as the BACI
effect, described a step-wise change (e.g. from baseline to
post-construction) in the impact area different from that in
the reference area. Marginal means for the different factors
of the model were calculated and back-transformed to mean
values on the original scale. For log-transformed indicators
such contrasts can be interpreted by calculating:

exp(BACI contrast) =
E[Impact, post-construction]

E[Impact, baseline]

×
E[Control, baseline]

E[Control, post-construction]
(2)

i.e. the exponential of the contrast describes the relative
change from the baseline to the construction period in
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Table 3. Significance testing of fixed effects in equation (1) for the four indicators after removing non-significant fixed and random effects,
while the main effects and factors related to the BACI analyses were retained.

Fixed effects

Click PPM PPM

DFs F P DFs F P

Area 174.6 26.04 <0.0001 1 127 101.05 <0.0001
Period 583.4 1.98 0.0901 5 133 17.13 <0.0001
period × area 572.5 4.37 0.0016 5 122 7.10 <0.0001
Month 11 221 4.23 <0.0001 11 325 15.38 <0.0001
Podtype 1 165 8.67 0.0037 1 208 30.62 <0.0001

Fixed effects

Encounter duration Waiting time

DFs F P DFs F P

Area 128.1 2.96 0.0964 165.9 57.22 <0.0001
Period 538.8 3.12 0.0185 586.5 9.50 <0.0001
Period × area 529.1 1.30 0.2893 568 3.65 0.0055
Month 1137 1.24 0.2952 1180.5 10.07 <0.0001
Podtype 1429 11.84 0.0006 1350 11.30 0.0009

the impact area relative to the reference area. Similar
calculations were carried out for the BACI contrasts for
different combination of periods.

The statistical analyses were carried out within the
framework of mixed linear models (Littell et al 1996) by
means of PROC MIXED in the SAS system. Statistical testing
for fixed effects (F-test with Satterthwaite approximation for
denominator degrees of freedom) and random effects (Wald
Z) were carried out at a 5% significance level (Littell et al
1996). The F-test for fixed effects was partial, i.e. taking all
other factors of the model into account, and non-significant
factors were removed by backward elimination and the model
re-estimated, although effects pertaining to the BACI testing
(period and area) were retained for displaying their level of
significance.

3. Results

The T-PODs were deployed for a total of 1422 days, while
porpoise echolocation data were extracted for on average 817
days on each station, equalling 57% of the time. The backward
elimination approach resulted in all random factors, except for
the ARMA(1,1) covariance structure for all four indicators
and period × month × station (area) for encounter duration
and waiting time, were found insignificant and removed from
the model. The random variation among stations was not
significant, indicating that there was no smaller-scale spatial
variation in echolocation activity within the reference and
impact area. Moreover, for all four indicators the fixed factors
area × month, period × month and area × period × month
were also not significant and consequently removed from
the model, and this suggests that the echolocation activity
followed the same seasonal pattern in both the reference and
impact area as well as across the different periods. After
removing non-significant interactions and re-estimating the
model (equation (1)), all main factors and the BACI effect
were all significant for PPM and waiting time, whereas not
all of these factors were significant for CPPM and encounter
duration (table 3). Significant variation between T-POD V1
and V5 were found for all indicators, clearly demonstrating

that V5 T-PODs were more sensitive and recorded higher
echolocation activity than V1 T-PODs.

4. Seasonal patterns

Three of the four indicators had a highly significant seasonal
variation (table 3) with a similar and pronounced unimodal
seasonal pattern (figure 2). In fact, only encounter duration
was not changing over the seasons. Few porpoises were
encountered during winter months (January–March), with
on average about three encounters at each T-POD per
week, compared to the peak during summer, where several
encounters were recorded daily. The seasonal variations were
comparable to those reported in Carstensen et al (2006).
CPPM varied from a mean of 26 clicks min−1 in February to
56 clicks min−1 in May, PPM varied from 0.13% in February
to 0.78% in September, encounter duration varied, albeit not
significantly, from 2.6 min in February to 4.2 min in April, and
waiting times varied from 59 h in February to 5.6 in August.
In general, the largest seasonal variations were observed for
PPM and waiting times.

4.1. Long term assessment

Echolocation activity was significantly higher in the reference
area than in the impact area for all indicators except encounter
duration (table 3), with 49.1 versus 36.1 clicks min−1 for
CPPM, 0.71% versus 0.25% PPM, and 8.8 versus 22.3 h
for waiting time. Based on PPM and waiting time the mean
echolocation activity was almost three times higher in the
reference area. Significant changes were also found across
the six periods (baseline, construction and operation 1–4)
for all indicators except CPPM. Echolocation activity was
highest during the baseline for all indicators and lowest during
the construction period for all indicators except encounter
duration (figure 3). During the four operation periods
there was a tendency of increasing echolocation activity,
particularly in the impact area, although operation period 2
had the highest PPM and encounter duration. The BACI effect
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Figure 2. Monthly means at Nysted reference and impact areas combined showing the four indicators after back-transformation. Error bars
show 95% confidence limits of the mean values. The covariation with other factors in equation (2) has been accounted for by calculating
marginal means.

Figure 3. Mean values for the four indicators back-transformed to
the original scale for combinations of the two areas and the six
periods (baseline Nov 2001–Jun 2002, construction Jul 2002–Nov
2003, operation 1 Dec 2003–Dec 2004, operation 2 Jan–Dec 2005,
operation 3 Sep 2008–Feb 2009 and operation 4 Sep 2011–Mar
2012). Error bars indicate 95% confidence limits for the mean
values. Variations caused by differences in months and T-POD
versions have been accounted for by calculating marginal means.

was significant for all indicators except encounter duration
(table 3). However, this factor only described that there were
significant relative changes between the impact and reference
areas across all periods, whereas which specific periods may
have caused this significant change were demonstrated by
calculating BACI contrasts (table 4). The relative changes
across periods are shown in figure 3. The significant BACI
effect for CPPM was mainly caused by a 57% relative decline
in the impact area from the baseline to construction period and
a 70–80% increase from the construction period to operation
periods 2–4. PPM was reduced in the impact area relative
to the reference area by a factor of 5–10 from the baseline
to the other periods, except for the operation period 4 when
the relative change was only a factor of 3.5 lower. There
was a relative reduction in PPM from operation period 1
to operation period 2, followed by a relative increase from
operation period 2 and 3 to operation period 4. There was
no overall relative change between the impact and reference
area across periods for encounter duration, albeit one of the
contrasts was borderline significant. Waiting times in the
impact area increased 4–6 times relative to the reference area
from the baseline to the construction and operation periods
2 and 3, whereas the relative change from baseline to the
operation period 4 only decreased about a factor of three and
was borderline significant (table 4).

5. Discussion

This study has successfully collected acoustic data on harbour
porpoise echolocation activity for more than 10 years in one
of the first large scale offshore wind farms in the world.
It is also the first long term study of effects of offshore
wind farms on harbour porpoises. The results show that the
echolocation activity declined in Nysted Offshore Wind Farm
after the baseline in 2001–2 (Carstensen et al 2006) and
has not fully recovered yet. However, when comparing the
wind farm area with the reference area in operation period 4
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Table 4. The relative change between the impact and reference area from one period to another given as percentage (cf equation (2)) and
the P-value for the contrast. Significant BACI contrasts are highlighted in bold.

BACI contrast Click PPM PPM Encounter duration Waiting time

Baseline–construction 43% 0.0004 11% <0.0001 74% 0.0950 475% 0.0011
Baseline–operation1 61% 0.0373 20% 0.0002 95% 0.7842 397% 0.0027
Baseline–operation2 74% 0.1954 16% <0.0001 92% 0.5939 495% 0.0004
Baseline–operation3 77% 0.3076 11% <0.0001 84% 0.3657 599% 0.0005
Baseline–operation4 72% 0.2048 29% 0.0047 108% 0.7035 287% 0.0406
Construction–operation1 143% 0.0343 178% 0.2458 128% 0.0892 84% 0.6303
Construction–operation2 173% 0.0014 140% 0.1869 123% 0.1193 104% 0.9026
Construction–operation3 181% 0.0021 99% 0.3277 113% 0.4449 126% 0.5852
Construction–operation4 169% 0.0088 262% 0.0931 145% 0.0364 61% 0.2579
Operation1–operation2 121% 0.2661 79% 0.0186 96% 0.7601 125% 0.5077
Operation1–operation3 127% 0.2215 55% 0.0596 88% 0.4400 151% 0.3224
Operation1–operation4 118% 0.4044 147% 0.4661 113% 0.4743 72% 0.4558
Operation2–operation3 105% 0.8086 70% 0.8891 92% 0.5742 121% 0.6285
Operation2–operation4 98% 0.9078 186% 0.0078 117% 0.3140 58% 0.1871
Operation3–operation4 93% 0.7488 265% 0.0230 128% 0.1897 48% 0.1268

(2011–2), there is a relatively higher echolocation activity
than during the construction period (2002–3) and operation
period 1–3 (2004–6 and 2008–9), showing a significant
increase from construction to operation period 4 in click PPM
and encounter duration as well as significant increases in PPM
from operation periods 2 and 3 to operation period 4. It is
therefore likely that the strong negative effect on porpoises in
Nysted Offshore Wind Farm is gradually diminishing possibly
due to a habituation of the porpoises to the wind farm or
enrichment to the environment favourable to porpoises due
to less fishing and artificial reef effects (Petersen and Malm
2006).

Although T-PODs have been deployed at several different
locations in Danish waters and elsewhere, it is not possible
to compare measurements directly. Different versions and
settings of T-PODs have been used in different studies and
it is not possible to translate these data into exact number of
animals in the area. Nevertheless, fewer animals in general
are present in the Nysted area, compared to a high density
area such as Horns Reef in the North Sea where porpoise
clicks were recorded by T-PODs about ten times more often
than in the Nysted area (Tougaard et al 2006). Also the
density of harbour porpoises in the south western Baltic Sea
(0.101 animals km−2) was estimated to be about seven times
lower than in the adjacent waters to the north (Danish straits,
Kattegat and Skagerrak 0.725 animals km−2) and about eight
times lower than around Horns Reef (0.812 animals km−2,
Hammond et al 2002). The annual variation found at Nysted
was similar to what was found at Horns Reef although not as
pronounced (Tougaard et al 2006). At the Dutch offshore wind
farm Egmond aan Zee in the North Sea a strong seasonal high
peak was found from December–March and almost complete
absence in summer (Scheidat et al 2011). The biological
reason behind the observed decrease in abundance in winter
is unknown.

The effects of large scale offshore wind farms on harbour
porpoises have been studied at four wind farms. At Nysted
(72 turbines, gravity foundations) and Horns Rev I (80
turbines, mono piles) both construction and operation was
studied, while at Horns Rev II (91 turbines, mono piles) only

construction was studied and at Egmond aan Zee (36 turbines,
mono piles) only the operation was studied. At Horns Rev I
and II, there was a weak negative effect of the construction
period as a whole and strong, but short lived reactions to pile
driving operations out to at least 20 km and for up to 24 h
(Tougaard et al 2006, 2009, Brandt et al 2011). At Nysted,
despite only limited pile driving at one foundation, there
were strong negative reactions to the construction as a whole,
where animals left the wind farm area almost completely. Also
the reference site 10 km away appeared affected (Carstensen
et al 2006). Nysted was constructed with gravity foundations,
which takes longer to construct than mono pile foundations,
but the loud impulsive sounds from pile driving are avoided.

The population effect of constructing and operating the
four wind farms has not been assessed. In general, however,
at Horns Rev a large number of animals were affected, but
for a limited period of time during the construction period.
At Nysted comparatively fewer porpoises were affected.
However, when evaluating the total impact from the entire
study period, a higher proportion of the population at Nysted
was probably affected because the response to the wind farm
was stronger and because the duration of the disturbance was
considerably longer than at Horns Rev.

Contrary to the findings at Nysted, no significant negative
or positive effects were found at Horns Rev I during the
operation of the wind farm. In contrast to both Nysted and
Horns Rev I, the results from Egmond aan Zee showed
a pronounced and significant increase in harbour porpoise
acoustic activity inside the operating wind farm, compared to
the baseline. The cause for this increase is unknown, however,
the area is known for heavy ship traffic and intensive trawling,
so the ban of shipping and fishing inside the wind farm may
have provided a ‘sanctuary’ for the porpoises (Scheidat et al
2011).

The monitoring programs were all designed to use
a BACI design to determine if the animals avoided the
wind farm areas both during construction and/or operation
of the wind farms. This is probably the most powerful
testing analysis to apply, but the data do not reveal the
underlying causal factors, i.e. whether noise, presence of
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the turbines, boat traffic or change in prey availability were
responsible for the observed effects. The only exception is
pile drivings during construction (Carstensen et al 2006,
Tougaard et al 2009). However, it is likely that the negative
effect on porpoises from the construction could be due to a
combination of disturbance from the different construction
activities, involving boat traffic, with associated underwater
noise, as well as disturbance to the seabed with resuspension
of sediment etc. Secondary effects, where prey species of
fish were deterred by the construction and operation activities
are also possible. There are no clear explanations to the
slow recovery at Nysted and why this negative effect was
not observed at Horns Rev and Egmond aan Zee. Whether
the difference in construction methods between the three
wind farms (pile driving at Horns Rev and Egmond aan Zee
and gravitation foundations at Nysted) affected the porpoises
differently is also unknown. Like at other offshore wind
farms, a smaller fast moving service boat has daily visits
to Nysted wind farm, which passes the reference area on
the way between Gedser Harbour and the wind farm (see
figure 1). Fishing activity was limited in Nysted wind farm
area before the wind farm was constructed and changes in
fisheries is therefore not expected to have any impact on the
porpoises in the area. Similarly, other human activities seem
to be unchanged over the period of the study. One possible
explanation to the stronger response at Nysted may be that
the area is a less important habitat to porpoises than Horns
Rev and Egmond aan Zee and that the lower porpoise density
at Nysted implies less competition for food resources and
thereby that the porpoises do not necessarily have a strong
incentive to search for food in an area with disturbances.
In other words, the porpoises at Horns Rev and Egmond
aan Zee may be more tolerant to disturbance, if the area is
of great importance to their survival, whereas the porpoises
around Nysted may not be particularly interested in the area,
as indicated by satellite tracks in the area (Sveegaard et al
2011) and may simply avoid the area if disturbed, without
any larger consequences than the need to swim around the
wind farm. Another possible explanation is that the Nysted
wind farm is located in a relatively sheltered area in the Baltic,
whereas Horns Rev and Egmond aan Zee has a high exposure
to wind and waves in the North Sea resulting in higher natural
background noise. Thus, at Nysted the signal to noise ratio is
higher and therefore the relative noise level from the turbines
is louder and more audible to the porpoises at greater distances
than at Horns Rev and Egmond aan Zee. Since the effects on
harbour porpoises were different in magnitude at the three
wind farms, we conclude that harbour porpoises may react
differently to similar disturbances, like wind farms. This is
an important conclusion in future monitoring of wind farms.
Until more information is available on the actual cause of the
observed difference no generalization of the results to other
wind farms can be recommended.

Cumulative effects are an important issue when more
wind farms are built within the same range of a harbour
porpoise population. In 2009–10 (between Operation 3 and
4) another large offshore wind farm (Rødsand 2, www.eon.
dk/Rodsand-2) comprising 90 turbines was constructed using

gravity foundations (like Nysted) only about 3 km west of
Nysted wind farm. All construction and maintenance activities
for this wind farm were based in Rødbyhavn west of Nysted
offshore wind farm and ships did therefore not go through
the Nysted wind farm or the reference area (see figure 1).
Since there was no monitoring of harbour porpoises during
the construction the effect of this cannot be evaluated. The
cumulative effect of the operation of both wind farms in
Operation 4 (2011–2) showed a relative increase in porpoise
presence inside Nysted wind farm compared to the reference
stations. The reference area for the present study was 10 km
east of Nysted wind farm (away from Rødsand 2 wind farm)
and is therefore less likely to be influenced by Rødsand 2
than Nysted wind farm. The gradual return of the porpoises
to Nysted wind farm started before Rødsand 2 wind farm was
constructed and we do not see a strong cumulative effect of an
additional adjacent wind farm. We therefore suggest that the
gradual return of porpoises in Nysted wind farm is unlikely
to be related to the construction and operation of Rødsand 2
offshore wind farm.

Future monitoring will show if harbour porpoises in
Nysted wind farm will fully recover over time and return
to the level prior to construction or if the wind farm has
caused permanent habitat loss. Also focus should be given
to determining cumulative effects of several wind farms to
be able to set threshold levels in disturbance tolerance of
harbour porpoises under various ecological and geographical
conditions. Finally, studies explaining why, and at what
distances, porpoises react negatively or positively to operating
wind turbines, under different habitat conditions are lacking.
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Response to “Resilience of harbor porpoises to anthropogenic
disturbance: Must they really feed continuously?”

DANUTA MARIA WISNIEWSKA , Hopkins Marine Station, Stanford University, 120

Ocean View Boulevard, Pacific Grove, California 93950, U.S.A., Zoophysiology, Department

of Bioscience, Aarhus University, Building 1131, C. F. Moellers Alle 3, DK-8000 Aarhus C,

Denmark and Marine Mammal Research, Department of Bioscience, Aarhus University, Fred-

eriksborgvej 399, DK-4000 Roskilde, Denmark;MARK JOHNSON , Scottish Oceans Insti-

tute, East Sands, University of St Andrews, St Andrews KY16 8LB, Scotland; JONAS

TEILMANN , Marine Mammal Research, Department of Bioscience, Aarhus University,

Frederiksborgvej 399, DK-4000 Roskilde, Denmark; LAIA ROJANO-DO~NATE , Zoophysi-

ology, Department of Bioscience, Aarhus University, Building 1131, C. F. Moellers Alle 3,

DK-8000 Aarhus C, Denmark; JEANNE SHEARER , Scottish Oceans Institute, East Sands,

University of St Andrews, St Andrews KY16 8LB, Scotland; SIGNE SVEEGAARD, Marine

Mammal Research, Department of Bioscience, Aarhus University, Frederiksborgvej 399, DK-

4000 Roskilde, Denmark; LEE A. MILLER , Sound and Behaviour Group, Institute of Biol-

ogy, University of Southern Denmark, Campusvej 55, DK-5230 Odense M, Denmark;

URSULA SIEBERT , Institute for Terrestrial and Aquatic Wildlife Research, Univer-
sity of Veterinary Medicine Hannover, Werftstrasse 6, 25761, Buesum, Germany;
PETER TEGLBERG MADSEN , Zoophysiology, Department of Bioscience, Aarhus
University, Building 1131, C. F. Moellers Alle 3, DK-8000 Aarhus C, Denmark and
Murdoch University Cetacean Research Unit, School of Veterinary and Life Sciences,
Murdoch University, Perth, Western Australia, 6150, Australia.

Our recent paper on harbor porpoise (Phocoena phocoena) foraging (Wisniewska et al.
2016) has sparked an interesting discussion that has been thoughtfully summarized
by Hoekendijk et al. (2018). In their correspondence, these authors commend our
methodological approach but point out some potential shortcomings. Specifically,
their concerns pertain to the small sample size used in our study, the biased age struc-
ture of porpoises examined, the potential impacts of the tagging procedure, and the
short period of monitoring after tagging. Moreover, the authors put in doubt our
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findings of little overlap between the diet of the tagged porpoises and commercial
fisheries, and suggest that the ability to feed at high rates makes porpoises resilient to
anthropogenic disturbance. In this note, we address these points of critique.
There is, unfortunately, no unbiased way to assess the prey preference and dietary

intake of free-ranging marine mammals like harbor porpoises. Although the tradi-
tional approach involving stomach content analysis of stranded and bycaught individ-
uals provides important information, animals must either end up on a beach (e.g., due
to illness or navigation error) or in a net (e.g., potentially due to a preference for the
prey targeted by the fishery) in order to be sampled. In our paper, we took a novel
and complementary approach involving analysis of echo information from prey tar-
geted by instrumented porpoises as they hunt freely. As a result, we are reliant on ani-
mals incidentally live caught in commercial pound nets to be temporarily restrained
for tagging, resulting in a small sample size comprising mostly young individuals.
Although we would of course have preferred a broader sample, this does not lessen
the significance of our results. Specifically, even if the “ultra-high” foraging rates
demonstrated in our paper are only typical of young animals, the resulting higher
vulnerability to disturbance will still give rise to a bottleneck effect: all animals are
young at some point in their lives. Moreover, animals of 2 yr and younger constitute
a significant proportion of the porpoise population (Lockyer and Kinze 2003).
This high proportion of young porpoises, perhaps combined with their inexperi-

ence, may explain why this age class prevails in pound nets. Unfortunately, very few
of our suction cup tag deployments on adult porpoises have extended beyond a few
hours without considerable sliding or detachment of the tag. However, data from an
adult female of 170 cm, tagged since our paper was drafted, revealed buzz rates rang-
ing from 35 to 140 buzzes per hour with an average of 73 buzzes per hour over the
13 h deployment, similar to the 86 buzzes per hour that we reported for another
adult female in Wisniewska et al. (2016) (Table 1). While the buzz rates of these
adults are on average lower than for juveniles (125 per hour), they, nonetheless,
appear to target some 1,500–2,000 small fish per day (Table 1). Thus, although our
adult sample size is small, Hoekendijk et al.’s concern that high feeding rates are only
found in juvenile porpoises does not seem to be supported by our data.

Table 1. Buzz rates of the five harbor porpoises in Wisniewska et al. (2016) and two new
animals not presented previously (in bold), ordered by size. Buzz rates were computed as aver-
ages of buzz counts in complete recording hours, i.e., excluding the first and last incomplete
hours of the recording. Time before the first foraging buzz was assumed to be the recovery per-
iod. Hence, tag duration represents here the time from start of foraging to the end of tag
deployment. Total tag recording time is provided in brackets.

ID Sex
Deployment

date
Standard

length (cm)
Tag duration

(h)
No. of feeding

buzzes
Buzzes
per hour

hp16_316a ♂ 11 Nov 2016 113 39.1 (39.5) 5,715 146
hp13_102a ♂ 12 Apr 2013 114 22.7 (23.7) 3,405 162
hp12_272a ♀ 28 Sep 2012 122 17.8 (21.9) 1,821 106
hp13_170a ♂ 19 Jun 2013 122 15.3 (15.3) 1,222 60
hp14_226b ♂ 14 Aug 2014 126 19.8 (20) 3,234 153
hp12_293a ♀ 19 Oct 2012 163 16.4 (17.7) 1,346 86
hp15_116a ♀ 24 Apr 2015 170 12.4 (13) 906 73

Mean buzz rate juveniles 125.4
Mean buzz rate adults 79.5
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We also note that these authors mistakenly extrapolate the extreme value of forag-
ing rate reported in our paper to infer that individual porpoises must be taking
“>10,000 fish per day.” We clearly stated in our paper that 550 prey capture attempts
per hour was the maximum hourly rate recorded from any of our porpoises. In fig-
ure 1 of the paper, we showed how the hourly buzz rate changed throughout the
deployment and reported the total buzz count for each tagged individual. The mean
buzz rate for juveniles in our study of 125 per hour (Table 1) leads to a much lower
daily ration than that erroneously inferred by Hoekendijk et al. Assuming the weight
of each small fish to be around 1 g, and a 90% prey capture success rate, our porpoises
would have consumed about 2.7 kg/24 h, which is roughly 10% of the body weight
of a young porpoise (Lockyer et al. 2003). These numbers are consistent with stomach
content analyses (Leopold 2015, Andreasen et al. 2017): Leopold (2015) states that
“young porpoises quickly become very efficient foragers on gobies. We have seen
many stomachs containing hundreds, and 30 containing the remains of over one
thousand gobies (the record-holder had remains of 5,369 gobies in its stomach).” This
is very much in line with our findings even if not from the same area or population.
Hoekendijk et al. go on to suggest that “the entire recording time period (15–23 h

period after tagging) on which the authors base their conclusions should be consid-
ered as poorly representative of a ‘normal behavior’ since the porpoises released after
being trapped should still be recovering from stress and starvation.” This is again an
extreme interpretation for which Hoekendijk et al. provide no supporting evidence.
Porpoises likely swim into pound nets following prey, and there is always fish in the
nets where the animals are trapped. We do not know to what extent porpoises feed
while in the pound net nor whether they have an elevated stress level during this
time. We did, however, make every effort to minimize stress during tagging. Por-
poises were typically only restrained for 5 min while being instrumented with the
suction cup tags and were not followed after release. Given the uncertain state of hun-
ger of porpoises at the time of release, and the scant data on how porpoises respond to
stress and starvation, it is not possible to refute Hoekendijk et al.’s assertion. But, it
certainly seems a bit constructed to argue that the entrapped porpoises do not feed in
the net and therefore must feed a lot after tagging (for the entire recording time) and
therefore show large room for compensation and, hence, resilience to disturbance. Since
our paper was published we have tagged a juvenile porpoise for 39.5 h (Fig. 1,
Table 1) providing an opportunity to explore whether potential responses to tagging
might attenuate over a longer interval. That animal targeted an average of 145 fish
per hour, producing 2,841 buzzes in the first 24 h after release, and 2,874 buzzes in
the following 15.5 h, entirely consistent with our other tagged juveniles. Although
this could be interpreted as a prolonged response to the tagging circumstances, such
an argument becomes increasingly difficult to sustain and we suggest that it is more
tempered to view the tag data as largely representative of normal behavior of the ani-
mals sampled.
In common with many tag-based studies, our data represent a small and brief sam-

ple from a single location. While these data provide the first insight into the search
and prey capture behavior of any porpoise, we certainly do not expect (nor claim in
the paper) that our results must apply to porpoises as a whole. Harbor porpoises are
opportunistic foragers with dietary preferences that likely differ between geographical
areas, seasons, and individuals. However, we reiterate that diet analyses based on
stomach contents also have several sources of bias, with the most important limita-
tion being short and differential gastric passage time (Kastelein et al. 1997, Chris-
tiansen et al. 2005, Ross et al. 2016). While our tag data represent a brief period of
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monitoring for each animal, stomach contents represent an even shorter interval of
foraging spanning a maximum of 5 h (Christiansen et al. 2005, Ross et al. 2016).
This rapid digestion process contributes to the scarcity of data from stranded animals,
which are often found with empty stomachs (Neimanis et al. 2004). Consequently,
most inferences about porpoise diet are based on stomachs from individuals bycaught
in fishing nets (but see, e.g., Andreasen et al. 2017), which are likely biased towards
prey in the nets they were targeting. There may also be a bias towards detecting
remains of larger prey in stomach contents, as smaller otoliths may deteriorate faster
(Christiansen et al. 2005, Ross et al. 2016), possibly as fast as within an hour for the
1–1.5 mm otolith of a 5 cm black goby (Gobius niger) (H€ark€onen 1986, Christiansen
et al. 2005). Most diet studies have not accounted for the differential residence time
of otoliths in the forestomach of porpoises (but see Ross et al. 2016 and Andreasen
et al. 2017), therefore likely overestimating the share of larger species in porpoise diet
(Ross et al. 2016). Thus, a complete picture of porpoise foraging will only be
achieved by combining insights from a range of different methods.
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Figure 1. Foraging behavior of a juvenile harbor porpoise during a 39.5 h DTAG deploy-
ment. (A) Dive profile. Individual buzzes are marked in red. The shaded area represents twi-
light (gray) and night (black). See Wisniewska et al. (2016) for detailed methodology. (B)
Hourly buzz counts as recorded by the attached tag. Numbers for the first and last incomplete
hours are depicted with dashed lines. The animal’s sex, age class, standard length (SL), tagging
date, and location, as well as the number of buzzes recorded during the first 24 h (n1) and the
following 15.5 h (n2) are listed in the panel. The digits in the names of the individuals indicate
the year and Julian day of tag deployment. (C) Minute-wise buzz counts (black bars) and total
buzz durations (red circles) illustrating the different foraging strategies employed by the por-
poise with numerous short buzzes during pelagic dives, and fewer longer buzzes when target-
ing benthic or demersal prey.
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Finally, we wish to clarify two important misapprehensions of Hoekendijk et al.
(2018) with regard to our paper. Nowhere in our paper do we make the claim that
porpoises do not feed on species of commercial interest: our echo analysis method pro-
vides little information on the prey species targeted. While we see how our sentence
“the consistently small fish targeted by the four porpoises with measurable echograms
suggest that their diet has little overlap with commercial fisheries” could have been
misunderstood, our intended message was that there was little overlap, and hence
competition, with commercial fisheries in terms of the sizes of targeted fish. This con-
clusion tallies with data from bycaught animals, as Hoekendijk et al. (2018) also
point out: with the exception of herring (Clupea harengus) and sandeels (Ammodytes
tobianus), the majority of fish found in stomachs of porpoises from Inner Danish
Waters are below the sizes of commercial interest for the given species (Sveegaard
et al. 2012). Likewise, we do not intend to dispute or draw attention away from
bycatch as the prevalent anthropogenic threat to porpoises in European coastal waters,
and we wonder how that conclusion can be reached from our paper. Like Hoekendijk
and colleagues, we consider efforts to mitigate incidental catches of porpoises in com-
mercial fisheries to be of paramount importance. We sincerely hope that our studies
using fine-scale biologging data will complement other study methods to better
define the factors that lead to such elevated bycatch and so aid in the conservation of
this species.
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Shipping is the dominant marine anthropogenic noise source in the world’s

oceans, yet we know little about vessel encounter rates, exposure levels and

behavioural reactions for cetaceans in the wild, many of which rely on

sound for foraging, communication and social interactions. Here, we used

animal-borne acoustic tags to measure vessel noise exposure and foraging

efforts in seven harbour porpoises in highly trafficked coastal waters.

Tagged porpoises encountered vessel noise 17–89% of the time and occasional

high-noise levels coincided with vigorous fluking, bottom diving, interrupted

foraging and even cessation of echolocation, leading to significantly fewer

prey capture attempts at received levels greater than 96 dB re 1 mPa (16 kHz

third-octave). If such exposures occur frequently, porpoises, which have

high metabolic requirements, may be unable to compensate energetically

with negative long-term fitness consequences. That shipping noise disrupts

foraging in the high-frequency-hearing porpoise raises concerns that other

toothed whale species may also be affected.
1. Introduction
Toothed whales rely on sound for communication, navigation and searching for

food by echolocation [1], and may therefore be impacted negatively by increased

levels of noise associated with human activities in the marine environment [2,3].

Effects may include physical damage and hearing loss for powerful transient

noise sources, such as explosions or seismic airguns [2,4], whereas more frequent,

lower-level noise exposures can cause masking and behavioural disruption that

may be hard to detect, but can have cumulative long-term effects on populations

[3]. Recent research efforts have focused on how odontocetes [5–9] respond to

transient noise sources, including pile driving, airguns and military sonars, but

little is known about the effects of shipping noise—the dominant anthropogenic

noise source in the world’s oceans [10]. The few studies on the effects of shipping

noise have primarily focused on baleen whales owing to their communication,

and thus probably sensitive hearing, at low frequencies that overlap with the

maximum power outputs of large cargo vessels [11–13]. However, it has recently

been shown that a diverse range of vessels produce substantial noise levels at even

very high frequencies, where toothed whales hear well and use sound [14,15].

Moreover, boat traffic in many coastal areas is dominated by smaller vessels

that generate noise at higher frequencies than large cargo vessels [16], raising

the possibility that vessel noise may actually be a significant, but so far overlooked

problem for odontocetes [17]. This concern may be particularly relevant for
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Table 1. Tag deployment and data summary. (The age classes of the porpoises were determined using growth curves established for Danish porpoises [26].)

animal ID hp12_272a hp12_293a hp13_102a hp13_170a hp14_226b hp15_117a hp16_264a

deployment date 28 Sep 2012 19 Oct 2012 12 Apr 2013 19 Jun 2013 14 Aug 2014 26 Apr 2015 20 Sep 2016

age class and sex juvenile C adult C

(with a calf )

juvenile F juvenile F juvenile F adult C adult C

(with a calf )

standard length (cm) 122 163 114 122 126 170 163

handling time (min) 15 3 5.5 3.5 7.5 12 10

recording duration (h) 21.9 17.7 23.7 15.3 21.7 13 11.9

time to first foraging buzz

(h)

4.1 1.4 1 0.1 0.2 0.6 0.2
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porpoises that live in areas with some of the highest shipping

densities in the world [10].

Although data are sparse, harbour porpoises have been

reported to react to ships at long ranges (800–1000 m)

[18,19], where noise, rather than the physical presence of the

vessel, is more likely to deliver the negative stimulus. Further-

more, recently, captive individuals have been shown to

respond behaviourally to low levels of relatively high-

frequency vessel noise [20]. This led us to hypothesize that

broadband shipping noise may cause behavioural disruptions

in porpoises despite them having poor low-frequency hearing

compared with most other cetaceans [21]. As small marine

mammals that live in cold water requiring high feeding rates

year round [22,23], porpoises may be particularly vulnerable

to disruption of, or increased energy expenditures associated

with, foraging. Behavioural reactions that affect foraging time

[24] and increase energy expenditure over short time periods

may accumulate over repeated exposures and impact the

long-term fitness of animals. In spite of these concerns, very

little is known about vessel encounter rates, exposure levels

and avoidance reactions of any small odontocetes in the wild,

including porpoises. To address this, we here use sound

recording tags to study the foraging rates of harbour porpoises

as a function of the vessel noise they experience. We show that

the tagged porpoises were exposed to vessel noise between 17

and 89% of the time, and that they interrupted foraging in the

presence of high-noise levels, which may have adverse effects

on populations in industrialized coastal waters.
2. Results
Wideband sound and movement recording tags (DTAGs [25])

were deployed on seven porpoises yielded high-quality record-

ings (i.e. with little sliding of the suction cup-attached tag,

clear buzzes, low flow noise and long duration of between

11.9 and 23.7 h, table 1; electronic supplementary material,

figure S1).

(a) Foraging rates
The seven porpoises performed short (1–3 min long) foraging

dives to depths of 5–50 m (e.g. figure 1), where they produced

a total of 380–3400 buzzes (table 2), an indication of prey

encounters [23], with an hourly rate of 0–550 buzzes. Exclud-

ing time intervals with rain (e.g. figure 1) or non-vessel

sound transients, for example, owing to water splashing, the
proportion of 1 min intervals with at least one buzz ranged

from 18 to 76% and averaged approximately 50% (table 2; elec-

tronic supplementary material, table S1). While few data were

collected during night-time for hp13_170a and hp16_264a, all

but one porpoise (hp15_117a) seemed to forage primarily

after dusk (table 2 and figure 1).

Prey pursuits involved significant increases in flow noise in

the tag recordings, in some cases even at high frequencies

(greater than 50 kHz) (electronic supplementary material,

figure S2). However, 0.5 s averages of one third octave levels

(TOLs, i.e. the root mean square (rms) sound pressure level

in one third octave bands) in the 16 kHz band during foraging

(i.e. 5 s before the start of each buzz and until the end of the

buzz) were largely independent of the animals’ swimming

activity and rarely exceeded 90 dB re 1 mPa (figure 2; electronic

supplementary material, figure S2).

(b) Vessel noise exposure
The proportion of time in which vessel noise was audible to

expert listeners varied widely across the tagged animals, from

approximately 17% for two animals to more than 65% for

four animals (table 2 and figure 1). The high exposure rates

of the latter individuals may be a consequence of the areas

in which these animals stayed. Three of these porpoises

were tagged in the narrow and heavily trafficked Great Belt

(electronic supplementary material, figure S1) while the

dive and movement profiles of the fourth animal (figure 1)

suggest that it swam south to a narrow, relatively deep-

water shipping route to Aarhus Harbour, the largest con-

tainer port in Denmark (electronic supplementary material,

figure S1; table 1). Vessel noise occurred primarily during

daytime (table 2).

Most of the received vessel noise was of relatively low level

at the frequencies that could be measured reliably, with L10

values (i.e. the noise level exceeded 10% of the time) in the

16 kHz third octave band 1–10 dB (median of 6 dB) above

baseline (i.e. periods without foraging or vessel noise;

figure 2a–g). Although for one animal (hp12_272a), only

low-level vessel noise was recorded, the remaining animals

experienced occasional high TOLs associated with vessel

passes (maximum 1 min 16 kHz TOLs of 102–118 dB re

1 mPa rms, figure 2; electronic supplementary material,

table S2). These high-noise events seemed to coincide with

the absence of buzzes (figure 2, purple overlaid with black out-

line), raising the question of whether high-level exposures led

to reduced foraging.
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Figure 1. Data from DTAG deployment on porpoise hp12_293a. (a) Dive profile. Individual buzzes are marked in red. Shading represents twilight and night. Given
the bathymetry of the area, dives deeper than 25 m must have been performed in deeper-water channels. (b) Buzz counts per minute (black bars) and buzz
durations, in seconds, summed in each minute (red circles). (c) TOLs. Shown are the TOL10, i.e. the noise levels in each third octave that are exceeded 10%
of the time within each minute, excluding time spent by the animal at the surface during respirations and logging, which emphasizes the highest exposure
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present, VP). (d ) Noise levels in the third octave band centred at 16 kHz. Light-grey circles show 0.5 s trimmed mean averages prior to exclusion of segments
dominated by loud transients (e.g. surface splashes, see Material and methods). Orange circles show 1 min TOL10 noise levels.

Table 2. Overview of foraging buzz data, excluding time intervals dominated by rain, splashing and loud transients (see also electronic supplementary material,
table S1), and estimates of vessel exposure rates for the entire recording period. (Night was assumed to start after civil dusk.)

animal ID hp12_272a hp12_293a hp13_102a hp13_170a hp14_226b hp15_117a hp16_264a

total buzz count 1856 1381 3408 1222 3232 906 383

number of minutes analysed 897 907 1160 306 690 700 493

buzz-positive minutes 352 (39.2%) 532 (58.7%) 565 (48.7%) 217 (70.9%) 523 (75.8%) 402 (57.4%) 88 (17.8%)

daytime buzz-positive minutes 65 (17.7%) 83 (27.1%) 124 (17.8%) 114 (60.0%) 383 (73.0%) 304 (64.1%) 22 (5.9%)

night-time buzz-positive minutes 287 (54.2%) 449 (74.7%) 441 (95.0%) 103 (88.8%) 140 (84.9%) 98 (43.4%) 66 (55.0%)

vessel noise exposure rate (%) 37 70 89 17 18 89 66

vessel noise exposure rate-day/

night (%)

51/17 55/81 88/92 3/87 22/10 88/93 77/45
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(c) Porpoise behaviour during high-level exposures
The behaviour of the porpoise that received the maximum

noise exposure (hp12_293a) is shown in figure 3 and the elec-

tronic supplementary material, video S1. Vessel automatic

identification system (AIS) data at the time of the noise
exposure, together with the rapid increase and decrease in

noise, suggest that the source was one of the fast ferries

moving between the island of Zealand and the Jutland Penin-

sula (electronic supplementary material, figure S1). Doppler-

shift analysis of the signal recorded by the tag indicates a

http://rspb.royalsocietypublishing.org/
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speed of 33 knots and a closest approach to the porpoise of

140 m. Moreover, the spectral characteristics of the noise

(figure 3c) strongly resemble those of the same fast ferries

recorded at similar ranges [14]. This porpoise had been echo-

locating and foraging continuously prior to the exposure, but

ceased regular echolocation at about the time when the ferry

became audible in the recording (figure 3b), approximately

7 min before the point of the closest approach. Given the esti-

mated speed of the vessel, this time corresponds to a reaction

distance of approximately 7 km. As the 0.5 s 16 kHz TOL

increased to 100 dB re 1 mPa, the porpoise dove away from

the surface while fluking vigorously (figure 3c–f ). When

the noise levels decreased again, the animal resurfaced

(figure 3c–f ). Regular foraging behaviour resumed 8 min

later, 15 min after it was first interrupted.

A similar reaction was recorded from another porpoise

(hp14_226b), 2 years later (electronic supplementary material,
figure S3c–f ). The Doppler-shift method gave a speed esti-

mate of 14.5 knots and a closest approach distance of 80 m,

consistent with a maximum 0.5 s 16 kHz TOL of 107 dB re

1 mPa rms for this exposure. This porpoise also interrupted

foraging and dove to deeper water when the vessel noise

became audible; it resumed foraging soon after the vessel

passed (electronic supplementary material, figure S3).

Aurally and temporally, this vessel encounter and several

others from the same recording (electronic supplementary

material, figure S3a,b) were consistent with a fast ferry, imply-

ing that this porpoise was repeatedly passed by fast ferries

during the 21.7 h tag attachment.
(d) Effects of vessel noise on foraging rates
To investigate whether repeated exposures to high-level vessel

noise led to a pattern of reduced foraging, we performed a

http://rspb.royalsocietypublishing.org/


16:00:00 16:12:00 16:24:00 16:36:00 16:48:00 17:00:00 17:12:00

0

5

10

15

20

25

30

de
pt

h 
(m

)

regular clicks
buzz
audible vessel noise

80

90

100

110

120

130

0
5

10
15
20

de
pt

h 
(m

)

clicking

80

100

120

T
O

L
@

16
 k

H
z

(d
B

 r
e 

1
µP

a 
rm

s)

16:55:48 16:56:24 16:57:00 16:57:36 16:58:12 16:58:48 16:59:24 17:00:00
−3

−1
0
1

3

ac
ce

le
ra

tio
n 

(g
)

ax ay az

fr
eq

ue
nc

y 
(k

H
z)

0

50

100

150

200

250

UTC time

T
O

L
@

16
 k

H
z

(d
B

 r
e 

1µ
Pa

 r
m

s)

audible ferry noise

−2

2

PS
D

 (
dB

 r
e 

1
µP

a2 H
z–1

)

20

30

40

50

60

70

80

90

100

110

(b)

(a)

(d)

(e)

( f )

(c)

Figure 3. Diving and foraging behaviour of porpoise hp12_293a around the time of passage of a presumed fast ferry. (c – f ) A close-up of the period delineated by
the grey frame in (a,b). (a,d ) 16 kHz TOLs (0.5 s trimmed mean averages over 1 ms measurements). (b,e) Dive profile with the time during which the porpoise
produced regular and buzz clicks marked in blue and red, respectively. The thick black lines above the profile in (b) show the times with audible vessel noise in the
recordings. The yellow overlay marks the period when the ferry noise was clearly audible above other vessel noise. Shading marks the civil twilight and night-time.
(c) Spectrogram composed of power spectral densities in 1 Hz bands. The broadband vertical bands indicate noise when the porpoise surfaces. (d,e) Detail of TOL and
dive profile during the close-up interval. ( f ) Acceleration. The oscillations in the x- and z-axes (i.e. the animal’s longitudinal and ventro-dorsal axes, respectively)
indicate propulsive motions.

rspb.royalsocietypublishing.org
Proc.R.Soc.B

285:20172314

5

 on February 15, 2018http://rspb.royalsocietypublishing.org/Downloaded from 
series of permutation tests, which compared the buzz count

and total buzz duration in minutes with high- and low-level

noise. This requires defining a threshold to separate high-

and low-noise intervals. When averaged over 1 min, the vast
majority of activity-related flow noise in the 16 kHz third

octave band was below 90 dB re 1 mPa (figure 2; electronic

supplementary material, table S2), making 96 dB the lowest

usable threshold allowing a minimum 6 dB difference between

http://rspb.royalsocietypublishing.org/


rspb.royalsocietypublishing.org
Proc.R.Soc.B

285:20172314

6

 on February 15, 2018http://rspb.royalsocietypublishing.org/Downloaded from 
low and high levels. Tougaard et al. [3] suggest that the

threshold for behavioural reaction of porpoises to anthropo-

genic noise is approximately 100 dB re 1 mPa rms (averaged

over 125 ms window) at 16 kHz making this a reasonable

choice. Six of the seven porpoises were exposed to greater

than 96 dB 16 kHz TOLs for a minimum of 5 min (electronic

supplementary material, table S3). Of those, one individual

produced significantly longer buzzes in the high-noise

group, but showed no significant differences in buzz counts

between the low- and high-noise groups. Another individual

showed no significant differences in buzz count or duration.

The four remaining porpoises produced fewer buzzes in the

minutes with high-level vessel noise, with the differences

being significant ( p , 0.05, 10 000 permutations) at thresholds

of 96 dB re 1 mPa for three animals and at 102 dB re 1 mPa for

the fourth porpoise. For these four individuals, buzzes

tended to be longer in the low-noise group, significantly so

for three of them at a threshold of 96 dB re 1 mPa (electronic

supplementary material, table S3). The exposure time to

vessel noise levels that exceeded the threshold for reduced fora-

ging was relatively short, ranging from 0.9 to 4.3% of the

analysed minutes (electronic supplementary material,

table S3).
3. Discussion
Worldwide shipping, the primary source of underwater

anthropogenic noise, is contributing to chronic acoustic pol-

lution in many marine habitats [27,28]. But the overall impact

of this large-scale environmental modification is difficult to

assess because of the lack of comparable control areas without

noise pollution. Effects are only measureable when there are

step changes in the noise level above the gradually increasing

baseline levels [28–30], e.g. owing to changes in vessel speed

or routing. The few available reports on the effects of vessel

activity on cetaceans mention short-term avoidance reactions

[18,19], physiological stress responses [31] and habitat displace-

ment [32]. Such reports have raised awareness of a potential

problem (e.g. [33]) and have led to long-term noise monitoring

programmes, e.g. as required to evaluate habitat quality under

the European Marine Strategy Framework Directive [34–36].

However, data on how often individual toothed whales

encounter vessels, the resulting noise exposure levels and the

frequency and severity of reactions are scarce. Most impor-

tantly, almost nothing is known about whether vessel activity

interferes with vital behaviours such as feeding (but see [37])

and if this occurs often enough to have biologically significant

effects on the fitness of individuals and populations [38,39].

The present study addresses these knowledge gaps by

measuring the vessel noise budget of free-ranging harbour

porpoises under natural conditions in relation to their fine-

scale foraging behaviour; to our knowledge the first for any

toothed whale. Throughout data collection, we deliberately

did not follow the tagged animals to avoid adding to their

vessel noise exposure. This means that our results represent

the actual authentic noise budget, but also that we are reliant

on tag data both to measure exposure and to infer response.

The multiple tag sensors and stereotyped acoustic behaviour

of porpoises, verified in captive studies (e.g. [40,41]), make it

possible to quantify their foraging behaviour with high accu-

racy. Quantifying noise exposure on free-ranging animals is

more complicated owing to the presence of noise from water
flowing around the tag, surface splashes and impact sounds,

as well as sounds originating from the animal itself. We manu-

ally marked splash and impact events in all of the recordings

and excluded these from spectral analysis. Clicks from the

tagged animal were excluded by taking the trimmed mean of

spectra computed over successive short intervals. Flow noise

was minimized by using measurements at high frequencies

as proxies for the total noise exposure. These frequencies,

while falling on the low edge of the best hearing range of por-

poises [21], and thus being highly relevant to these high-

frequency specialists, make our results difficult to compare

with long-term noise data, because most monitoring studies

do not extend that high (e.g. [36]). However, given the typical

spectra of vessel noise that decrease with increasing frequency,

high levels at high frequencies very likely translate into higher

levels at lower frequencies [14]. Our methodology does not

allow for exploring the cues porpoises may use to assess the

immediacy of threat from vessels. However, our aim was not

to investigate such explanatory scenarios, but rather to assess

whether wild porpoises respond to vessel passes and what

impact responses could have. We argue that to achieve this

objective, the proxy chosen here, i.e. the noise level actually

experienced by the animal, is reasonable and can be measured

robustly enabling comparison with other studies.

Evaluation of the tag recordings by experienced listeners

revealed that the porpoises encountered vessels frequently

(table 2), albeit primarily at long ranges, as indicated by the pre-

vailing low received levels (figure 2; electronic supplementary

material, table S2). The resultant lack of baseline data and the

variable foraging strategies of porpoises (table 2; [23]) make

statistical testing of effects of ship encounters on foraging

rates challenging. Despite this, the data reveal a statistically sig-

nificant decrease in prey capture attempts during exposures to

vessel noise at values closely matching the reaction threshold

predicted by Tougaard et al. [3], albeit with some interindivi-

dual variability (electronic supplementary material, table S3).

While these results should be interpreted with caution owing

to the small relative number of minutes with high-noise level

(electronic supplementary material, table S3) and the lack of

baseline noise-free periods, they strongly indicate that exposed

porpoises produce fewer foraging buzzes in the presence of

high-level vessel noise, whether the received noise level is an

explanatory factor for the responses, or merely a corollary of

vessel proximity [37]. Under the assumption that the foraging

rates recorded under less acute exposure conditions reflect

unperturbed foraging rates, the fact that relatively few disturb-

ances were recorded by the tags would suggest a minimal

fitness cost of exposure. Crucially, however, that assumption

may be wrong and even just a few per cent of decrease in fora-

ging may have significant effects on fitness of these small

animals that must keep warm in cold waters [22,42,43],

especially when accumulated with other disturbances [44].

The generally shorter total buzz duration during high-noise

exposure (electronic supplementary material, table S3) suggests

little if any increased effort per prey in the form of a longer pur-

suit, or perhaps premature termination of prey pursuits. Thus, a

lower energy intake could result from lost foraging opportu-

nities, a shift to an easier, lower quality prey, or failed prey

captures, these effects probably being additive, context-depen-

dent and accompanied by higher energy expenditure owing to

increased swimming activity.

Two specific examples involving porpoises of different ages

and sexes demonstrate energetic responses to close vessel

http://rspb.royalsocietypublishing.org/
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passes despite their frequent exposure to more distant boat

noise (table 2). In both cases, vessel noise had spectral and tem-

poral characteristics consistent with a fast ferry (figure 3;

electronic supplementary material, figure S3). Both animals

dove deeper, increased swimming effort and interrupted their

foraging activities during the vessel pass with one of them

abandoning echolocation altogether. The responses therefore

caused not only missed foraging opportunities, but also

increased energy expenditure, as well as potentially a greater

risk of swimming into fishing nets that would normally be

detected by echolocation. The estimated reaction distance of

7 km for one of the porpoises, together with the poor under-

water visibility in Danish waters (less than 10 m) and the very

small fraction of time spent by the animals with their eyes out

of the water, reinforces the notion that threat from vessels was

primarily perceived acoustically [37], whether the response

was triggered by noise level, rate of change of noise level,

noise spectrum or all of the above. The observation of a

15 min cessation of foraging associated with a single close

vessel pass suggests that the impact of vessels may extend

longer than the interval in which noise levels exceed a high

threshold, and the vessel is close. Those 15 min would corre-

spond to 23 prey capture attempts, if the animal continued to

buzz at the average rate recorded just prior to and just after

the exposure, and up to 88 attempts, if maximum 15 min

buzz count for this animal was assumed. Given the frequency

of the fast ferry service in the area chosen by these animals

for foraging, it is likely that they experience close passes often

(electronic supplementary material, figure S3). Thus, the

strong responses to high-level vessel passes reported here

suggest that these animals have not habituated to the noise.

This is in agreement with the findings of Dyndo et al. [20],

who observed that porpoises showed a robust and stereotypical

porpoising reaction to some boats, despite their long-term

residence in a harbour enclosure.

AIS records for the study area indicate a wide spatial vari-

ation in traffic density consistent with the complex coastline

and varying bathymetry (electronic supplementary material,

figure S1). In particular, large ship traffic concentrates in

deeper channels that allow access to ports or open water.

Tagged porpoises did not appear to avoid such highly trafficked

areas, perhaps because these overlapped with important fora-

ging habitats. Locally deep waters may aggregate fish and

offer distinctive and valuable resources (e.g. [45]). For porpoises,

they may thus constitute ‘acoustic hotspots’ where noisy anthro-

pogenic activities overlap with important habitats [46].

The spatial variability of vessel encounter rates (table 2; elec-

tronic supplementary material, figure S1) and the wide range of

received noise levels (electronic supplementary material, table

S2; figure 2) probably also reflect differences in the type of

boat traffic. Vessel, engine and propeller design [14,16], as well

as speed and load [14,15,47], all affect the spectral characteristics

of the generated noise and the duration of the exposure. Such a

wide range of noise sources may require animals to develop a

number of strategies to cope with exposure. Many behavioural

reactions may be subtle and so go unnoted, even though cumu-

latively they could represent a significant disturbance. As a

result, convincingly demonstrating behavioural responses to

noise under natural conditions is notoriously difficult (e.g.

[6]), especially because the history of the animal’s exposure to

vessel noise is rarely known. In the consistently noisy inner

Danish Waters, porpoises may have developed behavioural

strategies and/or compensatory mechanisms, e.g. an increase
in vocalization amplitude [48], to combat elevated noise levels,

and the absence of a control population makes it impossible to

assess the full cost of these. Here, we focus on the additional

loss of foraging effort owing to close vessel passes as the most

reliably quantifiable and biologically relevant response variable.

In doing so, we probably underestimate the full effect of vessel

noise on porpoises.
4. Conclusion
We quantified the vessel noise budget of seven harbour

porpoises in their natural environment, to our knowledge the

first time this has been achieved for any toothed whale. We

show that porpoises in a busy coastal habitat are frequently

exposed to vessel noise. Although most exposures are at low

levels, occasional high-level exposures with rapid onset occur

when vessels pass close to animals or at high speeds. Observed

reactions to such vessel passes involved vigorous fluking, inter-

rupted foraging and even cessation of echolocation. Such

exposures led to a general pattern of reduced foraging effort in

the presence of noise levels greater than 96 dB re 1 mPa rms in

the 16 kHz third octave band, although we probably underesti-

mate the total impact of noise because animals may have already

adjusted to the elevated average noise levels or be affected by

them offering no real baseline. Given the high metabolic require-

ments and near continuous foraging reported for porpoises in

this area, missed foraging opportunities during frequent boat

passes could have a significant cumulative effect on body con-

dition and vital rates. As high-frequency echolocators,

porpoises use signals well beyond the low frequencies predomi-

nantly produced by vessels, and thus, our results raise concerns

about the effects of vessel noise on other lower-frequency

toothed whale species.
5. Material and methods
(a) Study area
The study was conducted in the inner Danish waters of Kattegat

and the Belt seas (electronic supplementary material, figure S1),

which are relatively shallow with depths rarely exceeding 50 m

and averaging 23 m. The Sound, Great Belt and eastern Kattegat

serve as narrow, deeper-water connections between the Baltic Sea

and the North Sea, making these straits heavily trafficked at all

times of the day by large ships, such as tankers and bulk freighters,

but also diverse smaller vessels, including fishing boats [49]. Ship

traffic in southern Kattegat between the Jutland Peninsula and

the island of Zealand includes a fast passenger ferry line operating

up to 24 passes a day. From late spring to early autumn, the coastal

waters are occupied by widespread leisure boating activities.

(b) Data collection
Between September 2012 and September 2016, 19 porpoises inci-

dentally trapped in pound nets set by local fishermen were

equipped with DTAG-3 tags [25]. Tagging was carried out

within 24 h of discovering a porpoise in the net. For tagging, the

porpoise was carefully lifted onboard a fishing boat and placed

on a soft pad. Its sex was determined, body condition evaluated

and morphometric measurements were taken. Only animals that

seemed in good health from an external examination were

equipped with a tag. The porpoise was handled on the boat for

no more than 15 min (table 1) before being released several

hundred metres from the net.

http://rspb.royalsocietypublishing.org/
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The suction cup-attached tag was placed dorsally approxi-

mately 5 cm behind the blowhole to ensure good quality

recordings of the low-level clicks of foraging buzzes [40] and to

minimize noise associated with the animal’s propulsion. The tags

measured 7 � 17� 3.5 cm and weighed 221–321 g in air and

were slightly positively buoyant in water to facilitate recovery.

They sampled 16 bit stereo audio at 500 kHz (179 dB re 1 mPa

clip-level; approximately flat frequency response at 0.5–150 kHz),

as well as three-dimensional orientation and pressure sensors at

250–625 Hz (16 bit). To avoid biased estimates of noise pollution,

the DTAG-equipped porpoises were not followed after release;

the tags were detached actively or passively after 12 to more than

24 h and were recovered with the aid of aerial VHF radio tracking

and in some cases ARGOS satellite telemetry.

(c) Data analysis
Data processing and analysis were performed using MATLAB

R2013b (MathWorks, Inc.). Tag acoustic recordings were evaluated

by headphone-listening and visual inspection of spectrograms

(Hamming window, fast Fourier transform (FFT) size ¼ 512, 75%

overlap) computed over consecutive 5 s segments of the data. A

corresponding dive profile was displayed in the same plot (for

MATLAB code, see www.soundtags.org). All intervals with detect-

able vessel noise, rain or loud transients were marked, as were

respirations, logging periods at the sea surface and high-rep-

etition-rate click sequences. The high-rate click sequences were

classified as pulsed communication calls [50] or foraging buzzes

accompanying prey capture attempts by the tagged animal [40]

using published criteria [23].

Intervals with audible vessel noise were checked on a dive-by-

dive basis to remove short periods when the tag was out of the

water from the total exposure time. Similarly, the durations of all

respirations and logging events (with a 0.5 s guard window to

account for masking when animals break the surface) were sub-

tracted from the time with no detectable vessel noise. Periods

when vessel noise was uncertain, for example, owing to masking

during rain or high sea state, were considered vessel-free. Our

vessel exposure rates are, therefore, conservative estimates.

Foraging and noise measures were quantified in consecutive

1 min segments of the data. This interval spans the approximate

duration of a typical porpoise dive in the area and allows reliable

estimates of rapidly fluctuating noise levels from vessels passing at

high speeds. A dip in the distributions of inter-click-intervals at

15 ms was used to detect the start and end of buzzes [23]. Data

prior to the first foraging buzz were excluded to allow for a post-

tagging recovery period [6] and thereby minimize the potential

for confound owing to a stress response to handling. This time

interval varied from 0.2 to 4.1 h (table 1), but a minimum time of

1 h after tagging was excluded. As the animals switched between

benthic, demersal, pelagic and surface foraging, they adapted their

acoustic behaviour resulting in prolonged buzzes in some foraging

modes. Such buzzes could represent a long pursuit of a repeatedly

escaping prey, or a series of captures on several schooling prey. To

allow for both possibilities, foraging effort was quantified by both

the number of buzz sequences and their total duration in each

1 min segment. Noise level was quantified in a two-step pro-

cedure; to eliminate sound energy from the animal’s powerful

100 ms clicks, the noise level was first measured in 1 ms intervals

and averaged over a 0.5 s time window as a trimmed mean dis-

carding the highest 10th percentile of the data in each one third

octave band (see below). To estimate the highest noise level, i.e.

the level most likely to explain any behavioural reaction, the 0.5 s

averages were ordered within each minute and the 90th percentile

identified. This corresponds to the L10 statistical noise level, a

robust estimate of the highest noise level. Time spent by the

animal at the surface with the tag out of the water during breathing

and resting (typically 0.5–30 s) was excluded in each minute

before ordering. Similarly, recording blocks dominated by rain,
splash noise from the animal breaking the surface, breaking

waves down to 2 m depth or loud transients that were not

judged to come from vessels, but rather zero padding of rare unde-

codable data chunks or debris hitting the hydrophones, were

excluded from further processing. Finally, time intervals domi-

nated by the animal’s calls or loud air recycling sounds were

also excluded. If more than 40 s of a given 1 min segment were

discarded, the whole minute was excluded.

Noise level was quantified as one third octave levels, which

approximate the filter-bank model of the mammalian auditory

system [2,51]. Third octave bands with centre frequencies at 63

and 125 Hz have been suggested as proxies for general levels

from shipping [34]. However, harbour porpoises have poor low-

frequency hearing [21] with signal detection thresholds below

1 kHz probably higher than the ambient TOLs in southern Katte-

gat [14]. As porpoises have been shown to react to the high-

frequency components of vessel noise [20], a third octave band

centred at 2 or 10 kHz has been proposed as a more appropriate

indicator of shipping noise relevant for these high-frequency

specialists [14,52]. However, sound recordings made on a

moving animal contain significant activity-dependent flow noise

at low-to-mid frequencies, which complicates the measurement

of ambient noise, especially during energetic pursuits of prey. To

determine the lowest third octave band that is relatively free of

flow noise in most activities, we examined the relationship

between TOLs recorded in the absence of vessel noise, and log(J )

a proxy for swimming activity (electronic supplementary material,

figure S2), where J is the rms jerk [53] in a 0.5 s time window. For

the 1 min averages, we computed the 90th percentile of the 0.5 s

jerk measurements corresponding to the intervals included in

the noise analysis. From this analysis, we chose the 16 kHz third

octave band to characterize ambient noise.

Relative speed and closest point of approach (CPA) to the

tagged animal were estimated for a subset of eligible vessels,

by measuring the Doppler shift of tones generated by the vessels’

engines, gearboxes and propellers [54] and recorded by the tag.

The inflection point of the frequency shift of the tone was ident-

ified in the spectrogram of the vessel recording and a sigmoid

curve was fitted to the data. Vessel velocity and CPA were esti-

mated using the Doppler equation, assuming a stationary

receiver and a sound speed of 1500 m s21. The method requires

high-quality recordings of the tones, which limited the dataset

to less than 10 of the recorded vessels. In the remaining vessel

passes, the tones were masked by cavitation noise and other

broadband contributions from the vessel movement.

(d) Statistical analysis
Statistical analyses were carried out using R v. 3.3.2 (http://

www.R-project.org) with the perm package.

Following an exploratory analysis of model fitting, we split the

1 min measurements for each animal into groups with low- and

high-level noise and then tested for a difference in the distribution

of buzz count and total buzz duration between groups using a

two-sample permutation test corresponding to the central Fisher’s

exact test [55]. The noise level threshold for identifying the

high-level group was increased stepwise in 3 dB intervals.

An initial 6 dB buffer was used between the high- and low-

level groups, i.e. minutes with average noise levels , threshold,

but �(threshold-6 dB) were excluded from the analysis. The

low-level group remained constant, i.e. number of minutes in the

buffer increased as the high-level threshold increased. A one-

sided permutation t-test evaluated whether minutes with

high-level noise contained a lower number of buzzes than minutes

with low-level noise. A two-sided test was used for total buzz dur-

ation, because more buzzing time could indicate an increased

foraging activity, or an increased effort per prey. The permutation

test was run if at least 5 min exceeded the threshold level for each

animal. The p-values were estimated from 104 replications.
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