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ABSTRACT: Pile driving during offshore windfarm construction goes along with considerable noise
emissions that potenlially harm marine mammals in the vicinity and may cause latge scale distur-
bances. Infermation. on the-scale-of such d.lslurbances is: limited. Therefore, assessment and evalua-
tion of the effeéts ‘of offshore construction on marine mammals is difficuit, ‘During summer. 2008,
91 monopile foundations were driven.into the seabed during ¢onstruction of the offshore wirnd farm.
Horns Rev II in the Danish North Sea. We investigated the spatial and temporal scale of behavioural
responses of harbour porpeises Phoroena phocoena to consiruction noise: using: passive -acoustic
monitéring devices (T-PODs) deployed in.a gradlent sampling design. Porpmse acoustic activity was
reduced. by 100% during 1 h after pile driving and stayed below normal levels for 24 1072 h at a
distance of 2.6 km from the construction site, This period gradually degreased with increasing
distance, A negative effect was detectable out to a mean- distance of 17.8 km. At 22 km it Was. np
loriger apparent, instead, porpeise activity temporanly intredsed. Out to-a distance of 4.7 km; the
recovery ltime was lohger than most pauses belween pile driving events, Censequently, poipoise
activity and possibly gbundance were reduced over the entite 5 mio construction peried, The beha-
vioural response-of harbour porpaises.to pile drwmg lasted much longer than previously reported,

This information shoidd be considered when planning future:wind farm. cons!mcllon
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INTRODUCTION

Itis 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-
lies at sea lead to the generation of underwater noise,
which may propagate over large distances. It is well
documented that noise levels in the woild's oceans are
increasing with expanding huian activities (Andrew
et al. 2002, McDondld et.al. 2008), High noise levels
are of special concern for cetaceans, which depend-on
sound as ‘the most important source of information
aboul:their environment (Richardson et al. 1995, No-
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wacek et al. 2007, Southall et al. 2007, Weilgart 2007,

"T‘yack 2008). A growing demand for sustainable and

envu:omnentally friendly’ energy has led a growing
number of countries to explore options for the insialla-
tion of offshore wind farms. However, such develop-

. ments may have at legstiemporary negative effects.on

the surroundmg marine envu*onrnent In patt:cular,
noise emissions during the constl_'u_ctlon phase, when
steel foundations may be driven into the sea floor, can
rause 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, Scuthall et al, 2007),
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In the North Sed, the harbour porpoisé Phocoena
phocoena is Ihe most abundant haring mammal and is
found n all ceoastal and offshore waters (Reid et al
2003). ‘The speeies is listed in Arnexes Il and 1V of
the BY 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 habital to
some estenl. In order to assess the effects of offshore
wmdfarms on, harbour porpeises, knowledge of the
behav:our of the species-in relation to noise levels cre-
ated hy offshere pile driving is essential. The main aim
of this study was to describe the temporal and spatial
extent of distfurbance and thereby assess the spatial
and temperal scale at which habital exclusion cccnrs.

To our knowledge, the only published studies ad-
dressing behavioural Feactions of harbour porpoises fo
piledrivingso far were carried o1t by Carstensen et al.
(2006), Tougaard &t al. (2009) and Thampson &l al.
{2010}, All stadies used static acoustic monitoring
devices [T-PODSE), which allow. continuons recoidings
of harbour porpoisé echolocation aclivities and were
deployed. according to a Before Alter Conlrol Impact
(BACI} design aimed primarily al comparing porpoise
dclivity during lhe consiruclion period 1o a pre:
construction and/er ‘post-construction period, Tou-
gaard et &l. (2009), studied harbour porpoise responses
to pile driving during construction of the Olfshore
Windfarm Horns Rev T4n the Danish North Sea, This
sludy descn_bed a clear effect of pile driving on the
acoustic activity of harbour porpoises up lo.a distance
of 20 km, with the mean time between 2 consecutive
porpoise acoustic encounters (dll porpoise recordings
being separated by <10 min) increasing from 5.9 h to
7.5 h after pile driving. However, when comparing the
atfected area with a réference area, no difference in
the duration of this effect was delectable. The rangé of
the. éffect could therefore not be delermined and the
very shorf duration of the ‘measured effecl apparently
contradicts the great distance over which il ‘eccurred,
Carstensen: et al. (20086) studied harbour parpoise
Tesponses during construction of the Nysled offshore
windfarm in lhe Danish Ballic Sea:i They found a
longer effect, with times between porpoise encounlers
increasing from the normal 10-20 h to 35-50 h after
conslruction near the windfarm, whilst a spmewhal
smaller effect was found in an area at a distance of
about 15 km, More recenily, Thompson «t al, (2010]
published a study- assessing Lhe eflects on cetaceans
during construction of 2 wind lurbines off northeast

‘Scoftand. While they found some evidence thai the

fime between conseculive porpoise delections was
longer after pile driving tharitandomiy expected. in the

affected area, small semple size and high variability
between aréas did niot allow fim conclusions or state-
ments aboul thé duration or scale of the effect. They
concluded that while passivé acoustic moniloring is a
useful meéethod lo ‘assess such effects Trom olfshore
construction work on cetaceans, a gradienl sampling
design would offer a more promising-approach than a
BACI design. I1ere we present such a study, vsing a
gradmnt sampling desan where TPODs were de-
ployed along a transect line teacling from the plle
dnvmg site to a maximum dislance of 22 km in the
Danish North Sea, This design was adopted to specifi-
cally test the spatial and temporal scale of the effecls of
windfarm constriction on harbour porpoises.

The atea west of Jutland and Sylt has been identified
as @ location with high porpoise numbers espectally
during the summer months (Hammong 2006, Giliés at
al. 2009, Tt might theréfore be of high importance for
harhour porpoises as a breeding and nursery ground.
The offshore windfarm Herns Rev II, the largest olf-
shore construction of its lime, was- constructed within
this-drea in rélalively shaliow waters (Fig.1), at.a liime
ol yeidr when porpoise niimbers are expected to be
especially righ. This provided us with the opporlunity
lo lesl how pile driving in paciicular affects harbour
porpoeises:in.a high density area,

'MATERIALS AND METHODS

Stady area. The offshore windfarm Horns Rev [l was
erected north-west of the reef Horns Rev, which
extends from the westernmost point ofthe Danish west
coasl aL.Blavands Huk out ~40 km to the wesl; The reef
corsists of an inner and cuter reef separated by the
Slugen Channel {Fig, 1). The windfarm, consisting of a
lransformer platiorm and 92 2.3 MW wind turbines
arranged in 7 fows in a semicircular formation, is
localed at'the northwesiern part of the teef, ~35 km
west of Blavands HMuk {Fig, 1), It covérs an aréa of
~35 kim? with & waler depth between 4 and 14 m. The .
top seabed layer in the windfarm area consisls of pre-
dominantly medium-coarse grained sand -without
macrophytes. _ _

Wind turbines were erecied between 19 May and
9 Cclober 2008 on monopile foundations. The piles
had a diamster of 3.9m, were 38 to 40 m long, bad a
wall thickness of 25 to 88 mm, weighed 170 to 210 t,
a_nd were driven into the seabed to deplhs of 20 to
25 m: The construction was performed with the aid of
the jack-up barge ‘Sea Jack' {A2SEA). An IHC S-
1200 hydradlic hammer [[HHC Hydrohammer) was.
used for all monopiles. The maximum applied blow
energy was ~900 kJ per strike. A shorl ramp-up pro-.
cedure. with a duration of about 5 min was ebserved
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Fig. 1. Study area. Positions of the wind turbines of the windfarm Horns Rev Il, where pile driving took place during this
study (#), and the windfarm Horns Rev I (4) that was already installed. @ 1 to 6 = positions of the T-PODs. O = positions where
noise measurements were conducted during pile driving of monopile J2 (O). Grid reference system is UTM 32 N

during noise measurements. Over this period, the
blow rate was slowly increased from about 1 blow
min~' to 1 blow s™!. No particular plan for ramp-up
procedures existed.

Noise measurementis. 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 (Briiel & Kjeer) 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 Lyeak, equivalent continuous sound level L., 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:

Lyeak = 20 log (Ippeak! / Po) (1)

where pjqq is the highest positive or negative observed -
sound pressure in the observation interval and p, is the
reference sound pressure, which is 1 pPa. L. 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 2097 152. 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 L4 according to

SEL = Leg = 10 log (n Ty/T) (2)

where n is the number of pile driver blows within the
observation interval T=30s,and Ty =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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number level vatue Lthal accounts for the [féquency-
dependent sensitivity of the auditory system. FFor high-
frequericy ¢étaceans, Southall ef al. (2007} suggesl an

M-weighting curve with corner frequencies of 200 Hz

and 180 kIHz. Below and above these Irequencms the
curve declines by 40 dB per decade whereas it is flat
{i.e,no weighling) al the center frequencies,

PO settings. The'--respon_ses of h_arbou_r porpoises to
wind farm construction were m_driitored by continuous
regislration of echolocation clicks using T-PODs (ver-
sion 4, Chelonia). A T-POD consists of a hydrophone;
an amplifier, analogué electroniic filters. and & digital
memory. They are equipped with a 128 MB non-
‘volatile memary {up toé 30 milllion clicks can bé storéd)
and are powered by 2 bundles of six. 1.5 V D-cell alka-

line batteries. The filler‘seltings can be sel to a range of

dilferenl click durations, centre and referénce fre-

giienciés, signal bandwidths and signal strengths, that.
are characteristic lor harbour porpeise echolocation

‘clicks, in 6rder to distinguish. them from boat sonar and
other sources, The T-POD is accompanied by lhe
software package T-POD.exe (v.7.41), that uses an
algorithm {train detection algorithm V3,0) to discrimi-
nate cetacean _tré_ﬁns.from'other sources {fordetalls see
VerfuB et al. 2008; Bailey et al, 2010, Simon et al, 2010).
We chose lhe [ollowing POD-settings: {1} target filter
A: 130 kiz, (2) reference filter B: 90 IdHz, (3} click
bandwidth: 5, (4) neise adaptalion swiiched on, and
(5] sean limit for NV of clicks legged: 240. The sensitivity
of T-PODs has been found to differ (Dahne et al, 2008,
VerfuB et al. 2007}, Theréfore absolute sansitiviijes of
individual T-PODs were measured in a laboratory
erivironmenl in the Germas Qcéanogrdphic Museum
in Stralsund, Germany. During this test tank calibra-
tion, the detéclion threshold of éach T-POD vas mea-
sured and’ the POD-specific Sensitivity, selected, in
order to-achicve a peak to peak detection threshiold of
130 dB re 1 nPa, was determined (for details see Verfufl
et al. 2007). This POD-specific valug was then used as
the setting for T-PODs deployed in the field, The solt-
ware sorts clicks into different train classifications. We
only used the 2 with lhe ‘highest, probabilily of being
actual harbt)_ur porpoise clicks [‘Ceitli’ and ‘Cello;
Thomsen et al, 2005).

POD deployment. A total of 8 T-PODs were de-
ployed at 6 positions along a transect line exlending
from inside the area where Forns Rev II was built
{Position 1), across the reef and inlo the areéa where the
windlarm Horns Rev I is located, sonth of the reef

{Position 6) {Fig. 1, Table 1). The exatt detection. range-

of a T-POD is not accurately known. However, for vér-
sion 3 T-PODs, a maxithum detection distance of be-
tween 200 and 300 m has been déscribed for harbour
porpoises. ([Tougaartd et al, 2006). In order to aveid

‘detection of the samé porpoise clicks al 2 neighbouring’

xnot well known. However, Olesiuk el al.

T-POD positions during the saine rminule, the positions
were.set witlya distance of 1.5 to 8 km between them,
The. distance from lhe, POD positions 1o individual
wind turbines ranged from 0.5 to-25 ki, Water dépih
at the T-POD positions was between 9 and 18 m.
T~PODS were’ placed in the water colump ~1 'm
above: the sea. boltom, Eachr POD position was marked
by an inflatable veliow buoy dlrectly nexl lo it and by

-an official yellow warning buoy at a distance of 100 to

150 m. The inflatable buoy was-aliached Lo an anchor
‘block, which was connected to a second ‘anchor block,
(o which the T-POD was attached,

During the period § Aprit lo 7 September 2008, a
total of 728 POD-days (no. of PODs deployed ¥ days ol
deployment) were achieved. During the haseline
period B April lo 18 May 2008 before pile driving activ-

‘ities starled, no-data were recorded at Position 4 due Lo,
‘equipment loss. At all other locations, at least 17 d of

fecording were. achieved during Lhe baselineg period.

‘Some further data gaps occurred due {o éjuipment

loss or damage (Fig. 2). Pile driving activities look,

place belween 19 May and 14 October 2008, There'

was only 1 pausv betwcen pile drwmg events that was:
>4 d {Fig. 2), and en several .occasions 2 pile driving
events occurred during a single day. A pile driving
evenl lasled on-average 46+ 14 min and the median

time between them was 16 h {range: 10-309 h}. During
62 pile driving evenls that teok place belween 19 May

and 07 October 2008, FOD data could he recorded at

3'or more POD positions during each pile drivirig event:

{Fig. 2),

To keep the-dnimals-out 6f the tading where physical
damége. from pile driving- ndise might oceur, a seal
scarer (Lofifech) and & pinger {Aquamark 100} were
deployed al lhe ¢onstruclion sile on average 163 +
88 min (0—461 min) before pile driving staried, and
were Tecovered 47 «+ 46 min (0-279 min) after pile.
driving finished, Pingers have been lound lo deler
harbour potpoises: Lo distances of 100 to-200 m {Kraus

1899, Barlow & Cameron 2003, Kastelein el al, 2006).

The .gffgc'ts of the seal scarer on harbour porpoises are.
(2002)

Tdble 1. Distances of POD positions {see Fig. 1) and duratior

of theetfect on porpoise activity as found Irom GAM analyses.

FPM/M; porpoise piositive minotes per hour

POD Mean Duration of pile driving
position distarice {kin) effgel oh PEM/h {h)

1 25 24 - 72

2 3.2 18- 40

3 4.5 17 34

4 0.1 921

i 17.8 10-23

6 202 i
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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

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 nPa, the SEL level reached a max-
imum of 176 dB re 1 pPa’ s and the M-weighted SEL
(see Southall et al. 2007) reached 170 dB re 1 pPa’ s
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(Fig. 3). At a distance of 2300 m Lo pile driving, peak
levels reached 184 dB re 1 nPa, SEL 164 dB re 1 pPa’s
and M-weighted SEL reached 157 dB re 1 pPa? s.
These levels were ohserved at the maximum applied

blow enerqgy of ~850 kJ. From the spectram of the pile
driving hoise measured al 720 and 2300 m distancs.

(Fig. 4), it can be séen lhal the speciral maximuin was
found belween 80 Hz and 200 1z arid noise levels
decreased at the higher frequencies until at a distance
of 2300 m, backgrowid neise levels were reached at
about 40000 Hz; Fig. 5 shows the broadband sound
level relative to pile drivér hlow energy.

— 3EL

~== Curnulative, M-welghted SEL

P'o_rpoisc activily (PPM/h)

As revealed by non-parametric tests, porpoise activ-.
ity (PPM/h) significanlly deéreaséd during the con-
sfruction period (19 May-7 September 2008) a§ com-
pared to the bascling’period. (8 April-18 May 2008) at
POD-Positicns. 1-_[:2537_2555 =747, p< 0.001}, 2 (Zgg_gjlf;mf,-
=~11.10, p <0.001) and 3 (Zoyy 142y = ~14.42, p < 0.001),
while no significant effect was found -at Posilions 5
(Zosnasze = 0,45, p = 0.66) and 6 (Zygsa500 = ~0.87, p =
(1.38) (Fig. 6). At Position 4, no baseline data were
available due to equipment loss.

The GAM explained 27.9% ol the overall
variance-in the .d_afa. It Tevealed signiﬁ_ﬁant

190 b 43

gffects of Dpd, Time and Month or PPM/h
(Table 2). There was also a‘significant effecl
of the interaction of POD position wilh Hpd
on PPM/h (Table 2), Therefore we split the
analysis up for the different POD positions
and again tested for the inlluence of Hpd on
PPM/h for cach position separately while

180 FrompER

controlling for Dpd and Time and Month.
Fipd, Dpd and Month had & significant

1?0 st e Re]

i ) i i

effedl on PPM/h at all positions, while Time
only hed a significant effecl. al some posi-
lions. {Table 3}, Explanatory powdr of. lhe
modél decreased at POD posilions futther
from the pile drving site [(Table 3). The

05:00 08:10 05:20
Time (CEST)

0450

curve on lhe relationship belween PPM/R
and hour-after pile ditving {the paramaéter of
‘main interest) that the GAM fued Lo the

05:30

Fig. 3. Peak level and single-stioke sound exposure level (SEL) for the
whote pile driving operation medsiired ab 720 m distance. Also shown'is
the M-weighted cumulative SEL {the M weighling functien for ‘HF
cefaceans' was used; Southall el al. 2007). The difference hetween Lhe
non-cumuldative unweighted and M-weighted SEL vared (tom. -4 to'7 0B
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Fig. 4. Spectra of pile driving npise -at the 2 measufement focations

{see Fig. 1}, averaged from 24, 850 kJ blows. SEL: single-stroke sound

' exposure level
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dala was of jdiﬂ’erenl_:.sh'apes at the _diffe__rerl 15

POD positions. Tn Fig. .7, (he deviation of
PPM/h from the overall mean (calculated

over all available hours at a.given position)

and how this changes with hours afier pile

driving can be seen for the different posi-

tions. At Posilion 1, PPM/h steadily in-
creased after the ' pile driving event, PPM/h
was substantially below lhe overall hean up
to 24 h after pile driving. However, PPM/h.

‘continued to incredse with a narrow ¢onfi-

dence inlerval unlil reaching the first local
maximum at 72 h. after pile driving. Ab
Posilions 2 and 3, the pattéri is similar:
PPM/h steeply increased affer pile driving.
The overall mean was reached at 18 h. (Posi-
tign.2) and at 17 h (Position 3} after pile dri-
ving. At 40 h (Positicn 2) and 42 hours (Posi-
tion 3) after pile driving, PPM/h Teached the
first. local maximum and then Nuctvated

‘widély around the mean; AL Positions 4 and

5, PPM/h increased more steeply and at 9 b
(Position 4) and 10 h (Posilion 5} afler pile
driving, the overall average -was reached
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ing sample size as i most cases the time
between pile driving events was less than
50 h. Thus, predictive power fot the later
periods decreased. The range of the duration

e of the effect of pile driving on harbour por-
poises;, together with the predicted sound
gxposure 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 reductmn in porpoise activ-
ity-of between 32% and 49% relative to the'

fa‘.
(5]
Y
& 175
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@ i _
L 170 i e :
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Blow energy (kJ)

Fig: 5. Broadhand souid level as a funélion of pile driver blow. ‘BRETTY,
observed at 720 m distance. The formula of the ‘fitted dashed cusve is
SEL=7.5 loy(E)+'154, Each point reprasénts.the energetlc average from
between 10 'and 26 blows, dependmg or the energy level. SEL: single~

siroke sound exposurs level

substantially séoner. This increase in PPM/h also lev-
elied off sooner al these positions (21 b-at Positior 4
and 23 h at Position 5). At Position 6, the shapé: of the
curve differed: PPM/h was higher than the overall
mear, up to about 35 h affer pile driving, while

decreasing and fluctuating around the overall mean’

afterwards: At all POD-positions the confidénce inter-
vals for FPM/h widened substantially wheft more time
after pile driving elapsed, This was due to a decreas-
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Fig. 6. Porpoise positive minutes per hour {PP._MKhJ_ during the
baseline period (08 Apr-18:May 08, light bars) and the. con-
structorn period {19 May -07 Sep 08, dark bars) by POD posi-

tion, Dark hand: mearti; box: 25% guartiles; whiskers; 25%.

guartiles minus outliers and exiremes; blobs: outliers, defined

as “values “which are bebween 1.5 and 3 box lengths from-

vither end of the box; asterisks: extremes, defined as values
that are more than 3 box lengths {rom either énd of the box

4000 overall ean PPM/h value and mean PP.M/h_
more than 70 h after pile driving (Table 4). At
Position 6 {at a dlStaI'lce of 22 km)}, PPM/h
decreased’ by 2% n:ompamd to the overall
mean, but increased by 31% relative to
PPM/h more than 70 h after pile driving
(Table 4).

BISCUSSION

We found a clear negative effect of pile driving dur-
ing wind farm construction on porpoise acoustic activ-
ity that was detectable out to & distance of 17.8 km, At
the closest distance studiéd (2.5 km}, porpoise activity
was reducéd between 24 to 72 h after pile driving
activity, .and the duration of this effect gradually
declined with distance, At the furthiest distance stidied
(21.Z2:km), we nolenger found a negative effecl of pile

-driving on. porpoise aclivily; instead, activity was

higher than the overall average forabout 30 h after pile
driving. This might ifidicate that porpoises at this.dis-
tance showed no behavioural reaction: fo pile driving.
Animals moving away from-the construction site might
have caused poipoise abundance and thus porpoise
acousiic activity to temporarily increase as. animals

aggregated there. The lower Hmil we teport for the
duration of the effect was based on the time when por-

poise activity reached the overall average. Howev_er._

Tabie 2, Results from the GAM on the effects of 4 independant

variables on porpoise activity (porpoise positive. minutes per

hour, PP¥/h). F-values and estimated degrees of freedem.

{edf) ‘are given; the p-value of the main effect to be tested is

indicated in bold. The.modél explained 27.9%: of the overall
varianve in the data

Independent variable F edf p

Hour aftér pie driving 13.5 28.0 < L0001
» POD position

Dislatice 195.1 8.4 < 0.0001

Time of day 6.9 B4 < 0.0001

Meanth 41.3 4 < (.0001
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Table 3, Results from the GAM an the effedts of klours dfter pile driving {Hpd)j, Distance Lo pile driving {Ppd), Tisie of day and Month
on gorppise activity (porpoise positive minutes per hoor, PPM/). The £ values for-all 4 parameters aie given, with significance
vahies inditated as folows: ***p < 0.001; **p.< 0.01, *p <0.08, ns: p = 005

BOD Mean Dpd F Variance
position {krn) Hpd- Bpd Time Menth explained {%)
1 2.6 56.27"* BT Sl 23 30,20 247

2 3.2 15.9%-* A5 0.8 ns ELARS 15.0

3 48 15,8 4.9 0.4 s R ALY 13:5

4 i1 A B 32 410,64 6.8

5 178 FRre ..5'1....\ 51 LA 42.‘24-- -!4.2

6 217 57 4.3 9.3 26,741 9.6

0. 100 150 200 i} 50 100 {50 200

{10.1 Km)

U] R0 R 200"

Beviation of PPM/R fram. overall mean

-0 Y50 100 0200
Hour after pile driving

Fig..7. Relationship between perpaise posilive minutes per hour (PPM/h) atid Hour afterpile driving (Hpd) asfitted by the GAM,

The graphs show the deviance of PPM/b from.the overall mean (depicted as {he horizontal line) by Hpd al 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 tahige of the possible duration of the effect
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"Tablé 4. Méan porpoise activity (porpoise positive minutes per hour, PPM/h)
in the first hour after pile driving (Hpdj, overall means and means for all
_haurs >70 bpd, for-each POD. position, Sample sizes arg given in brackets.
The change ih PPM/h du_nng the hour after ‘pile driving relative to the other

2 meansis also shown

Hién site in the North Sea, where the same
seal scarer model was used, the signal from
the sgal scarer was. not found to be louder
than that of pilé driving‘at 14 kHz (Betke &
Matuschek 2010). An effect of the seal

POD . Mean PPM/h Chaige scdrer on porpoise activily would thus not
position. 1 Hpd Cverall =70 H_pd (%) be. expected to reach a8 faras 13 km NEV-

. erlheless, Dorpoise responses to pile dri-
1 0.0170} 0.9 {3192) ‘1.8 (356} =100 ving, especially at close distances, are con-
2 0.0 (36) 1.0°{2304) L0 [207) ~100 founded by the use of scaring devices
3 0.0 (37) 1.1 {2400) 0.6 {232) ~100 ounded Ly ine use -Gl scaling devices,
4 39751 6:2 (1895} 57(328) -32 {0 ~37- However, as pile driving during windfarm
5 2.8 {70) 4.3:(3528) 5.7 (356) -33t0-49 consiruction in European waters always
6 4.6 (54) 4.7 (3505 4.3 (356). —2to+31 involves the deployment of pingers and

the.overall avérage includes ddfa 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
nat possible to determine an-exacl baseline (due to the

short time interval ‘betwéen pile driving events), we.

chose to report-a rangeé of effect duration hased on

mean and first maximum activity levels as the besl

available estimate of baseline activity during the con-
struction périod. Due to the biased average, however,

the teported upper limit of the. effect duration is more.

likely than the lower limit. It bécomes cléar from in-
creasing confidence ihtervals in the graphs thal with
more time elapsing after pile driving; predictive power
of the GAM decreases. This is caused hy a substantial
deerease in'sample size, as only a few- pﬂe driving
events were > 50 h aparl. _
Another additional factor that may contiibute to a
comparably long-lasting effect in the immediate vicin-
ily to ihe pile driving location could be increased ship-
ping activily 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. Afur-
Lher confmmdmg factor is that porpoise | behavmur may
have changed due to the deployment of the scaring
devices. Considering the scale-of the observed effect,
this seems 1inlikely. .Pingers have been found to deter

‘héarbour porpoises to distances of only 106 to 200 m-

{Kraus 1999, Barlow & Cameron 2003, Kasteléin et &al,
2006): Seal scarers on the other hand were found to
deter perpoises up fo a distance of between 1 and
3.5 km (Olesiuk et a1, 2002, Johnston 2002}, The source

levél of the Lofitech seal. scarer as reporied by the.

manufactures is 189 dBre 1 pPa peak whereas pile dri-
“ving is considerably louder, However, the main energy
of the seal scarer signal is al higher frequencies (about
14 kHz) than that of pile driving, Porpoises may be
more sensitive 10 noise al those higher frequencies
becanse their hearing threshold at 14 kHz is at least
40 dB lower than at 500 Hz (Kastelein et al. 2002).

However, during measurements st another construc-

seal’ scarers, the inability to dlfferentlate..
these .effects does nol compromise conclusmns about
the effects of windfarm construction on Harbour por-
poises’in Europe,

The median time between succeeding pile driving
events was 16 h, durirg which potpoise activity did not
Tully récover at a distance up to about 4.8 km, as the.
effect of pile driving on FPM/h lasted longér than 16 h
al'thal distance. Consequently; porpoisé activity close
to the pile driving site was lower thin expected during
the whole 5 mo of the ¢onstruction period: This is indi-
cated by a signiflicantly lower mean value for PEM/h
during the construction period as eompared 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 t6 a much shorter-lasting
effect of pile-driving o PPM/h..

Th‘e‘:spatia] scdle of porpoise responses that we found
are in-line ‘with the 20 km range that has been previ-
ously saggested (Tougaard-el. al, 2009, Thompson etal,
2010}. However, using a gradient sampling design this
study is the first to demonstrate at what distance pile
driving npise no longer p'e_g‘gatively affected porpoise
aclivity, Furthermore, in the viginity 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
Tougaaid et al; (2000) at Horns Rev L. 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 H, and thérefore this discrepancy is surpriss
ing. Howevét, these studies are nol directly compara-
ble hecause Carstensen et al, (2008); Tevgdard et al.
(2002) .and Thompsen et al. (2010) dnalysed the dura-
tion of waiting times belweén 2 consecutive porpoise
encounters while we analysed PPM/h. In cases where
baseline data from previeus years are not available {as
during this study) wefind PPM/h to be a bettér para-
meéter {0 analyse how porpoise ‘activity is aifected by
pile driving; because it allows the tracking of the post-
pile driving ingrease.in porpoise activity on a fine tem-
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poral scale. T-PODs during studies by Carstensen et al. .

{2006), Tougaard ¢t al. {2009) anid Thompson el al
{2010] were deployed according ta & BACI design,

whereas we used a gradient sampling design thai bet«-

ter enables one to detect how temporal effects differ
with distance.

The -PPTyi[h variable provides relative indices of
porpoise activity bat cannnt' at presenl he divecilly
franslated inle perpoise densily. However, previous
studies’ have found Lhese parameters lo correlate
broadly with porpoise densities oblained from porpoise
sightings (Tougdard et al. 2006, Siebert & Rye 2008).
So porpoise -acoustic aclivily seems to he linked to
‘some extent to relative changes in porpoise dénsities
although behavioural paramelers may well play a vital
role here alse. Comnsidering a maximum swinmming
speed in harbour po:rp'oise'é-'.of aboul 4.3 m. 57, 3 is stir-
piising thal we found an instant effect of pile driving
un porpoise acoustic activity al distances:of 18 km, and
the sarne applies {a results hy Tougaard el al. (2009). If
a _'decrease_in _acousti'c-acli\rity réflected animals mov-
ing put of the aflected area, one would assume a

delayed decrease at greater distances because animals.
leaving the near vicinity have to pass, PODs at grealer

distances. II might be argued that declining aceuslic
activity in the area does nol rellecl @ decrease in den-
sity but simply. a change in the animals' behaviour
such lhat ‘porpoises remain silent after pile drwmg and

use their sonar less frequently, Stadies on other-

cetacean species such as pilét whales; sperm whales
arid Cuvier's beaked whales indeed have ddcumented
such a response to other-noise exposutes (for feview,
see Weilgart-2007%). Mostly, whales remained silent. of
teduced vocalising activity during noise exposure but
tesumed. normal activity: shortly  afler the noise
stopped. Conveérsély, some shidies have described an
increase in vocalisation by pilot whales durning noise
- exposure (Rendell & Gordon 1999), Two studies also
addressed this issue in harbour porpoises: Koschingki

.et al, (2003} found no significanl dilf¢rence in the nse.

of ecticlocation by porpaises when subjected to turbine
noise; Teilmann et al. (2006) found echolocalion acliv-
ity of harbour porpoises to decrease in ’% out of 25 ses-
-sions when various frequency sounds w1th a source
level of 153 dB re 1 pPa (rms) were.played hack to

them. Although during: this study, porpoises in the '

vicinity of pile driving might have reduced echoloca-
tion aclivily as a response to the sound of pile driving,
weé see 110 convincing reason why-aninials thal rely on
their sonar [¢r orientation and foragin'g should cease
doing so for over 20 h after pile dnvmg noise stopped.
We think that thé decrease in acousté activity is the
résult of & combindd effect-on porpoise behavieur and
abundance. If animals change from foraging and rest-
~ ing behavigur to moving away from a noise source, this

will result in a mhore directional movement. Consider-
ing the high directionality of lhe porpoise echolocation
beam, this may greatly reduce the possibility of a click.
being recorded by the T-POD. Even if it lakes some
time lor lhe animals (o' move out of the area, this
change in behaviour wiil cause a direct eflect on por-
poise acoustic-aciivity as recorded by T-PODs.

The ditference of sound levels of aboul 12 dB mea-
sured hetween 720 mand 2300 m is quite high for the
North Sea. A study conducted by the German Navy
(Thiele & Schelistede 1980) suggesls a level decay of

-8 dB in the méjor frequency tange of pile driving

noise over such-a distance, Howaver, the present study’
was located in relatively shallow watér _(éb.out.4 ~14 m),
where sound propagation is known lo be highly
variable and difficult to predicl. As a major effect,
transmission loss at low frequencies is affected by the
water depth. Below a cil-off frequency, no sound

propagation is possible {Jensen et ai, 2000). This effecl

cuts off low-frequency componenls of the noise and
can thus reduce its peak level and broadband SEL. The

.cut-off Frequency is not only a function of waler depth,

biut el_lé_o_uf_ the impedance of the lower boundary of the
propagation-channel, that is, of the physical properties
0[ the sediment, These, however, are often unknown,
Al 5 v water depth, for example, the cut-off can vary
from abeut 80 o 300 Fz, The Spi,c_tral maximui of the.
pile driving noise at Morns Rev 0 was found te be
between 80 Hz and 200 Tz As effects on porpoises
depend highly upen sound propagation characteristics

‘in the area, caution needs to be applied when trying to

extiapolate our results to-olher areas.

To assess the effects of underwater noise on marine
mammals, Southall ¢l al. (2007} proposed a frequéncy-
weighting prodedure to take lhe hearing abilities ol

‘marine mammals into aecount, atid a procediire to ac-
-connl for tcumnlative exposures, For the group of high-
frequency cetaceans such ds the harbour porpoise, the'

onsel of hearing impairment, defined as'a Temporary
Threshold Shift (TTS), would be reached al 183 dB re
1 pPa & SEL and Permanent Threshold Shift {PTSJ at:
198 dBre 1 uPa’s SEL {all M-weighted] (Southall.el al.

2007}, Durting this study the cumulative M-weighted SEL
leve! reached a maximum of 194 dBre 1 pPa? s-at 720 m
distance, Therefors the noise level where Soulhall.et al.
(2007) predicled PTS to occur in high-frequency:
cetaceans was not reached at this distance. However, 4
noise level of 183 dB re 1. pPa’ 5, where they predicted-

“TTSt¢-occur, was reached after abiout 1.5 min. A12300m

distance the cumulative M-weighted SEL level
feachied a maximum-of 182 4B re-1pPa’ s, This was.
therefore helow PTS and TTS levels as predicted by
Southall et al. (2007), However, tecent work by Luckeel

‘al (2009) indicates thatharbour porpoises may bemore

sensitive 1o noisé 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 dB.px Te 1 pPa, and a
sound exposure level of 164.3 dBre 1 pPa?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 5!
(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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