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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 gquestions.
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
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National Infrastructure Planning
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2 The Square
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BS1 6PN

Email: HornseaProjectThree@pins.gsi.gov.uk

PINS Reference: ENO10080
Our Reference: 20010154

14" January 2019
Dear Sir/ Madam,

Hornsea Offshore Wind Farm Project Three Application. WDC’s Response to The Examining Authority’s
Further Written Questions and Requests for Information.

The table below sets out WDCs responses to the Examining Authority’s (ExA’s) Further Written
Questions and Requests for Information, issued 19" December, for Hornsea Three offshore wind farm.

We are happy to meet to discuss any of these issues further.
Yours faithfully,

Vicki James.
Policy Officer.

WDC, Brookfield House, 38 St Paul Street, Chippenham, Wiltshire SN15 1LJ
T+44(0)1249 449 500 F +44 (0)1249 449 501 E info@whales.org W whales.org
WDC is a company limited by guarantee. Registered in England No. 2737421. Registered Charity No.1014705.
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02.2.66 In [REP1-022] WDC have pointed out that the boat-based cetacean surveys are out of date, having been conducted between 2010 and 2013, and that
no survey was undertaken along the export cable corridor. WDC also note that passive acoustic monitoring and aerial surveys, when the sea state is
categorised as 3 or above, lead to acknowledged under recording and that SCANS data is only a snapshot with a 10 year interval. WDGC concluded that
the baseline survey had failed to detect representative numbers. The Applicant’s response in [REP2-004] was that it was a scientifically robust
methodology that was approved by the SNCB.
Notwithstanding the Statements of Common Ground [REP1-218], [REP1-224] and [REP1-227], please can the Applicant explain how the baseline
survey is representative having regard to the issues that WDGC have raised.
What other data are available that WDC consider ought to be included in the baseline analysis?
Please provide copies of any publications you wish to rely upon in evidence that have not already been provided.
WDC Response
Having read the Applicants response to WDC’s concerns regarding the baseline survey methodology in [REP2-004], our position as detailed in our
Written representation [REP1-022] remains the same.
WDC are not aware of any alternative data sources available to the Applicant that can plug the gap of reliable baseline data. The only way to obtain
reliable baseline data for the assessment would be for the Applicant to undertake additional aerial surveys of the area using a suitable, robust
methodology. However, we do recognise the implications of this to the Applicant and the Project.
Q2.2.68 The Deadline 1 response [REP1-022] from WDC has highlighted a number of papers suggesting that pile driving can cause long term displacement of

harbour porpoise from feeding areas.
To what extent are these studies comparable with the present situation in terms of the duration and intensity of piling and prey availability?
Do they enable valid comparisons to be drawn?

Please can WDC submit copies of the following papers: Synder & Kaiser (2009), Teilmann & Carstensen (2012), Wisniewska et al (2018), Carstensen
et al (2006) and Brandt et al (2011).

WDC, Brookfield House, 38 St Paul Street, Chippenham, Wiltshire SN15 1LJ
T+44 (0)1249 449 500 F +44 (0)1249 449 501 E info@whales.org W whales.org
WDC is a company limited by quarantee. Registered in England No. 2737421. Registered Charity No.1014705.






The Applicant has challenged WDC’s interpretation of the scientific literature in [REP2-004] and has highlighted a number of papers to the contrary.
How does WDC view the empirical balance of evidence in the light of the additional papers that have been cited?

Please can the Applicant submit copies of the following papers: Scheidat et al (2011), Brandt et al (2018) and Nabe-Nielsen et al (2018).

WDC Response

Copies of the requested papers have been submitted with this response.

The papers referenced in WDC’s Deadline 1 response [REP1-022] demonstrate the impacts of pile driving on harbour porpoise, the majority of these
studies have been undertaken in the German part of the North Sea. Whilst the some environmental conditions (e.g. bathymetry, sea bed geology) will
vary between projects, the studies have been undertaken in similar areas of the North Sea.

Additionally the offshore wind farms in the studies use the same foundation type and construction techniques — although the hammer energy required
for Hornsea Three is higher than in these studies with up to 5,000 kJ required, which as modelled in the ES will produce a higher noise level and
impact a greater area and potentially a higher number of harbour porpoise, compared to the studies referenced by WDC.

These studies are also based on the same harbour porpoise population that are included in the Hornsea Project Three assessment. Due to these factors
these studies are very suitable for comparison and ensuring reliable comparisons to be drawn, which is why WDC included the information from these
studies in the Deadline 1 response [REP1-022].

WDC is aware of the studies that The Applicant is referring to some of which are also cited in WDC’s Deadline 1 response [REP1-022]. These studies
demonstrate not only that pile driving to cause behavioural changes in harbour porpoises which leave the area during construction and in some
instances did not later return to their usual numbers, but also the effectiveness of bubble curtains. WDC stands by its position as detailed in the
Deadline 1 response as it is based on the direct evidence and conclusions of these studies. We strongly disagree with the Applicants interpretations.
The Applicant has not taken into account that there is a wide variety in return times of harbour porpoises return to an area after pile driving, if they
return at all and it is unknown if they use the area in the same way. Additionally the Applicant has acknowledged in the Environmental Statement that
harbour porpoises will be excluded from the site for the duration of the pile-driving phases.

The Applicant claims that the study of harbour porpoise foraging are misleading, WDC disagree with this and the work of the study has been further
supported by additional scientific publications (Wisniewska et al., 2018), a copy of which has been submitted along with this response.

WDC, Brookfield House, 38 St Paul Street, Chippenham, Wiltshire SN15 1LJ
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02.2.69

In [REP1-022] WDC highlighted a concern about the impact of increased vessel activity throughout the life of the development because increased
vessel noise can interrupt harbour porpoise foraging behaviour and echolocation, which can lead to significantly fewer prey capture attempts.
Please can WDC submit a copy of Wisniewska et al (2018).

In [REP2-004] the Applicant has suggested a methodology for the assessment of vessel movements and the associated ES conclusions have been
agreed in the SoCG [REP1-218]. Does WDC concur with this view?

Do the findings of Wisniewska et al (2018) change what NE has concluded in the SoCG?

WDC Response
Copies of the requested papers have been sent with this response. WDC agrees with the proposed assessment for vessel movements.

02.2.78

The Applicant has submitted a Site Integrity Plan for the Southern North Sea SCI [REP1-181] that would be secured via Condition 13(5) in the
generation assets DML and 14(5) in the transmission assets DML. The Applicant goes on to state [REP2-005] that the final assessment of the
effectiveness of the various mitigation options can only be carried out once the final design is decided. The Applicant notes that the MMO is now
satisfied that this approach will provide appropriate control measures to mitigate effects on marine mammals when used alongside the Marine
Mammal Monitoring Plan which would also be secured via the dDCO.

Is there now sufficient detail to address your concerns on this matter? If not what changes do you suggest?

WDC Response

WDC welcome the inclusion of the Site Integrity Plan (SIP). WDC were sent a copy of the SIP for comment by the Applicant, the response is in annex 1,
and includes our full comments on the SIP. In summary, WDC are pleased to see the SIP and recognise that there is a lack of detail on the final project

design which makes it difficult to commit to specific mitigation measures. However, there is a lack of commitment to use proven mitigation measures,

or an assessment of the effectiveness of mitigation measures proposed. As a result the SIP is little more than a commitment to use mitigation methods
and therefore cannot remove all reasonable scientific doubt as to the effects of the project on the SNS SCI.

WDC’s recommendations on what to include in the SIP for it to address our concerns, and ensure no adverse effect on site integrity beyond scientific
doubt, are in the SIP response - annex 1

02.2.81

You stated in [REP1-022] that the CEA did not consider concurrent piling at two locations and that you do not agree that minor adverse impacts would
result.
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The worst case scenario as set out in paragraph 4.13.1.5 of the ES [APP-064] is based on two concurrent piling events. Please clarify your position in
the light of this.

WDC Response

Paragraph 4.13.1.5 in the ES [APP-064] is just a statement that during the construction of Hornsea Project Three, that cumulative impacts of piling at
more than one location have been considered. In the ES there is no detail of the methodology used, the locations considered, or the results of this
assessment. As a result there is no information provided to demonstrate the Applicants claims that there will only be minor adverse impacts from
concurrent piling.

02.2.82 In [REP1-022] you stated that East Anglia One North, East Anglia Two and Norfolk Boreas should have been included in the in combination assessment
of windfarm cetacean impacts. In [REP2- 005] the Applicant has highlighted the fact that no detailed information is available beyond the scoping
reports and that this would not facilitate any meaningful consideration of their impact. Bearing in mind the above and the fact that they remain Tier 3
projects, do you still maintain this position?

What other information would be available to support an in combination assessment?
Please provide copies of any publications you wish to rely upon in evidence that have not already been provided.

WDC Response

WDCG recommended that East Anglia One North, East Anglia Two and Norfolk Boreas should be screened into the cumulative assessment as we
expected that more information on construction periods would be available. As acknowledged by the Applicant there was information available in the
Scoping reports and these projects would fall into Tier 3 assessment, despite this these developments weren’t included by the Applicant in the in-
combination assessment.

Additional material is available for Norfolk Boreas in Chapter 5 of the PEIR report, which are available from the project website at
https://corporate.vattenfall.co.uk/projects/wind-energy-projects/vattenfall-in-norfolk/norfolkboreas/ The Applicant has stated that if additional
information for these developments became publicly available within the examination timeframe, then the assessment would be updated accordingly
[REP2-004]. WDC request that this is undertaken.

WDC, Brookfield House, 38 St Paul Street, Chippenham, Wiltshire SN15 1LJ
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Felicity Browner,

Senior Environment & Consents Specialist,
@rsted,

5 Howick Place,

Westminster,

London.

SW1P 1WG

BY EMAIL: felbr@orsted.co.uk

18™ December 2018
Dear Felicity,
Hornsea Project Three Offshore Wind Farm In-Principle Southern North Sea SCI Site Integrity Plan

WDC welcome the opportunity to comment on the draft Site Integrity Plan (SIP). We appreciate the commitment that
@rsted is making to use mitigation measures to ensure no Adverse Effect on Integrity (AEol) on the Southern North Sea
SCI (SNS SCI) during the construction of Hornsea Project Three offshore wind farm. We also appreciate that there is a
lack of detail on the final project design which makes it difficult to commit to specific mitigation measures. However,
there is still a large degree of uncertainty on if the use of the Site Integrity Plan (SIP) can conclude no adverse effect on
site integrity beyond scientific doubt.

We recognise that there is a lack of guidance from SNCBs on what to include in a SIP, however we are concerned that
the SIP for Hornsea Project Three does not contain a commitment to proven mitigation methods or an assessment of the
effectiveness of these measures. Currently the SIP is little more than a commitment to use mitigation methods and
therefore cannot remove all reasonable scientific doubt as to the effects of the project on the SNS SCI.

The SIP currently includes embedded mitigation measures (section 6.1), from the JNCC guidance for minimising the
risk of injury to marine mammals from piling noise (JNCC, 2010). Whilst we recognise that currently these are the only
guidelines available to developers to use to minimise the impacts of piling activity on marine mammals, it is widely
known that these guidelines are outdated, and do not use the latest scientific evidence. The in-situ methods in the JNCC
guidelines have been widely criticised as arbitrary and with a lack of supportive evidence (Wright and Cosentino, 2015).
Additionally the guidelines have not been updated for a number of years and therefore do not include the latest and
increasing body of scientific data of the impacts of noise on marine mammals (Wright and Cosentino, 2015). We do not
agree that the embedded mitigation will reduce the risk of injury to any marine mammals located within a few metres of
the pile during installation to negligible levels.

These embedded mitigation methods are not suitable for ensuring no AEol. However there are proven mitigation
measures which have shown that the use of bubble curtains during pile driving activities can reduce the disturbance area
on harbour porpoises from ~15 km to ~5 km compared to piling with no mitigation, totalling ~90% reduction in harbour
porpoise disturbance area (Nehls et al., 2016). They also can reduce the range at which pile driving can be heard by
harbour porpoises (Brandt et al., 2018) and may reduce temporary habitat loss and risk of hearing loss in harbour
porpoises (Dahne et al., 2017). See WDC’s Written Representation for full details on mitigation methods.

WDC, Brookfield House, 38 St Paul Street, Chippenham, Wiltshire SN15 1LJ
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We recommend that the SIP includes a commitment to using proven mitigation methods. Additionally when the SIP is
designed post-consent it should include modelling of the effectiveness of proposed methods, including studies
demonstrating how the implementation of mitigation will reduce underwater noise disturbance on marine mammals.

WDC request to be involved and consulted on the design of the SIP post-consent. Currently table 2.1 in the In-Principle
Southern North Sea SCI Site Integrity Plan outlines engagement with WDC as information providing rather than
consultation.

There are currently numerous marine mammal mitigation documents for Hornsea Project Three e.g. piling MMMP, UXO
MMMP, SIP. It would be more effective to look at mitigation requirements in a more integrated approach.

We are happy to meet to discuss any of these comments further.

Yours sincerely,

Vicki James

Policy Officer
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Vol. 421: 205-216, 2011
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MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Published January 17

Responses of harbour porpoises to pile driving

at the Horns Rev II ofishore wind farm
in the Danish North Sea

Miriam J. Brandt!*, Ansgar Diederichs!, Klaus Betke?, Georg Nehls!

1BioConsult SH, Brinckmannstrasse 31, 25813 Husum, Germany
2 Institut fiir 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.

KEY WORDS: Phocoena phocoena -

Porpoise detectors - Construction noise -

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-

*Email: m.brandt@bioconsult-sh.de

Resale or republication not permitted without written consent of the publisher

Offshore windfarm - Acoustic monitoring - Behaviour -
Marine mammals -

Acoustic activity

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).

© Inter-Research 2011 - www.int-res.com
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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 Il 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 Blavands 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 Blavands Huk (Fig. 1). It covers an area of
~35 km? 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 ¢,
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







Brandt et al.: Harbour porpoise response to pile driving 207

6174000

6165000

6156000

6147000

405000

414000

423000

432000 441000 450000

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 (a) 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 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 (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 Lcqk, 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:

Lpeak =20 10g (lppeakl / pO) (1)

where ppeqx 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.y 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
Lq for the particular 30 s interval. The SEL was com-
puted from the L4 according to

SEL = L — 10 log (n To/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 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
VerfuB 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 (Ddahne et al. 2006,
Verful} 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 pPa, was determined (for details see Verfufl
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 x 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)

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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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 pPa, 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 to pile driving, peak
levels reached 184 dB re 1 pPa, SEL 164 dB re 1 nPa’s
and M-weighted SEL reached 157 dB re 1 pPa? 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 40000 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 (Zs37 2555 = —7.47, p < 0.001), 2 (Zy49,1355
=-11.10, p < 0.001) and 3 (Zyz3,1427 = —14.42, p < 0.001),
while no significant effect was found at Positions 5
(Zos9,2579 = —0.45, p = 0.66) and 6 (Zgas 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

------ Peak — SEL  --- Cumulative, M-weighted SEL
210
190
180 :
170 TN
160
150 : s : . .
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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

05:30 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

180 T driving can be seen for the different posi-
170 —==720m tions. At Position 1, PPM/h steadily in-
\\/\..AH\ —0=2300m creased after the pile driving event. PPM/h

160 /\ —a - Sacigroung ;ggom was substantially below the overall mean up
150 oy \'\ Hac groun h to 24 h after pile driving. However, PPM/h
140 °'Q~o~ov l\'\ continued to increase with a narrow confi-
V\"\'\ \ dence interval until reaching the first local

130 ;@Y maximum at 72 h after pile driving. At
120 &0 o e Positions 2 and 3, the pattern is similar:
110 T e et V\c\,\ PPM/h steeply increased after pile driving.
FM, = ./ _ AT RN The overall mean was reached at 18 h (Posi-

100 VA N : A AR A AR S T aF tion 2) and at 17 h (Position 3) after pile dri-
90 [t 8 s ving. At 40 h (Position 2) and 42 hours (Posi-

/ T tion 3) after pile driving, PPM/h reached the
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Frequency (Hz) widely around the mean. At Positions 4 and

Fig. 4. Spectra of pile driving noise at the 2 measurement locations
(see Fig. 1), averaged from 24, 850 kJ blows. SEL: single-stroke sound

exposure level

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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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
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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 = 7.51log(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

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-

60 *
. %
50- % : :
« :
40- X
I * i § i
= * i
g 30- T :
a i
[a : ‘
- *
20 I 3 T '
% 3 i 1
Jriii bl Hos
| T I T T |
1 2 3 4 5 6
POD-position

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

1000 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,

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
x 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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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
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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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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.

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

The change in PPM/h during the hour after pile driving relative to the other

2 means is also shown

than that of pile driving at 14 kHz (Betke &
Matuschek 2010). An effect of the seal

POD Mean PPM/h Change scarer on porpoise activity would thus not
position 1 Hpd Overall >70 Hpd (%) be expected to reach as far as 18 km. Nev-
ertheless, porpoise responses to pile dri-
1 0.0 (70) 0.9 (3192) 1.8 (356) -100 ving, especially at close distances, are con-
2 0.0 (36) 1.0 (2304) 1.0 (207) -100 founded by th ¢ ring devi
3 0.0 (37) 1.1 (2400) 0.6 (232) ~100 ounded Dby the use oL scanng devices.
4 3.9 (51) 6.2 (1896) 5.7 (328) 32 to —37 However, as pile driving during windfarm
5 2.9 (70) 4.3 (3528) 5.7 (356) -33 to —49 construction in European waters always
6 4.6 (54) 4.7 (3505) 3.5 (356) ~2to+31 involves the deployment of pingers and

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 pPa 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-

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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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, 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 pPa (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 pPa’?s SEL and Permanent Threshold Shift (PTS) at
198 dB re 1 uPa?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 pPa’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 nPa®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 1pPa? 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 dB.,x re 1 pPa, and a
sound exposure level of 164.3 dB re 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 s~
(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).

1

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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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.

KEY WORDS: Acoustic monitoring - BACI design - Echolocation - Environmental impact - Assess-
ment - Harbour porpoise - Offshore wind farm - Porpoise detector - T-POD
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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 km? Foundations are either
steel monopiles driven into the seabed with large pile

*Email: jac@dmu.dk

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

© Inter-Research 2006 - www.int-res.com
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Fig. 1. Nysted Offshore Wind Farm in the western part of the Baltic Sea. The 72 wind turbines (X) are placed in a 8 x 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. (e) 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

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 X 9 grid covering
a total of ca. 24 km? 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-Jergensen 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™>
(Koschinski 2002). In fact, the highest density of har-
bour porpoises (4.9 porpoises km?) 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
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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 x 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-

Buoy

T-POD

<~20m > !<~3m>

100 kg concrete block 10 kg anchor

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 s7!; (8) minimum click duration =
10 ps. 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~! 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 (Y;), after subtracting 10 min and log-
transformation, was:

mekmm) =u+R; +Dp; +RR.]. +m, +RM +PM].k +RPM1.jk +a; +RA; +pa; + RPA;

where | 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 X
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 X 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

E[Ref., basel.]
E[Ref., constr.]

E[Imp., constr.]
E[Imp.basel.]

exp(BACI contrast) =

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

i+ MA,; + RMA,, + PMA, + RPMA,,

‘whole-plot

+Smu) + RSy + PS iy + RPS

split-plot

ijm(I

split-split-plot(area)

)+ MS, 0y + RMS 0y + PMS oy + RPMS (1)

split-split-plot(station)

+Tn(lm) + RTin[lm] + PT;

Jjn(Im

)+ RPT;

ijn(Im

)T+ MTIm(Im) + RMTHm(m + PMTﬂm(m + RPMTI.].ImUm] + €(jjkimn)

split-split-plot(t-pod)
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Y=XB+Zu+e (3)

where Y is the vector of observations, X is the design
matrix for the fixed effects, B 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 # 62I) 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:

Y, (kim) =W+ My +a, + may +Sm[1) +MSkmu} + & am)  (4)

where the first 2 factors of the model have the same
interpretation as in Eq. (1), and the interaction area X
month describes systematic differences in the seasonal
variation of the 2 areas; 2 random effects, station(area)
and station(area) x 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 x 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 x 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 x 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 x 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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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

Stn T-POD Logging period Days Baseline —— Construction —
no. (d/mo/yr) deployed n Avg. (min) n Avg. (min)
Impact area
Imp. N T-PODA47 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-PODA48 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

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 (~10080 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

not common to both the control and impact area. The
significance of area x 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 X month, from the model (Eq. 4) of the baseline
data after excluding Stn Ref. N showed a significant
seasonal variation (Fj s67 = 11.60; p<0.0001), but no
significant variation between the reference and impact
areas (Fj 597 = 2.00; p = 0.2531). None of the random
effects were significant (sttaﬁon(area) =0.1065; Z = 0.9%;
p = 0.1657 and 6%ation(area) x monta = 0) and they were
much smaller than the residual variation (62 = 2.2789;
Z=126.45; p <0.0001).

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 X month are shown
only. Denominator degrees of freedom (Den df) computed by Satterthwaite's

approximation (Littell et al. 1996)

winter period and shorter in the sum-
mer period, during both the baseline Data used area x month statistics ReS}dual
. . . in model df Den df F P variance

and construction periods (Fig. 3). The
replacement of T-PODs at 3 stations All stations 2 65.0 3.88 0.0257 2.3556
did not introduce any clearly visible Excl. Imp. N 2 55.9 3.82 0.0279 2.3998
systematic shift in the waiting time EXC}- fmp. W 2 47.1 3.57 0.0359 2.3542
. Excl. Imp. E 2 39.9 2.63 0.0843 2.4011
levels (Fig. 3). , Excl. Ref. N 2 62.0 2.11 0.1294 2.2757
InVeStlgatlng the Spatlal and tempo- Excl. Ref. M 2 36.7 4.91 0.0128 2.3945
ral variations of the waiting times Excl. Ref. S 2 65.9 2.67 0.0765 2.3359

using basehn? .data only revealed that #This model was run without station(area)xmonth to obtain convergence
the area-specific monthly means were
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area (Stns Ref. N, M, S). Grey shading: periods with no T-POD deployments; vertical lines indicate change from baseline to
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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

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-

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

(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-

Variance Estimate SE Wald's P
contributing effect Z-test

Period x Month (PMy)  0.7109 0.8105 0.88 0.1902
Plot x Area (RA;) 0.1126 0.1005 1.12 0.1313
Plot x Station (RS;n) 0.0729 0.0562 1.30 0.0974
Residuals 2.6208 0.0707 37.10  <0.0001
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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

Factor df Den df F P
Area 1 36.1 717 0.0111
Month 10 107 7.06 <0.0001
Period 1 68.5 36.09 <0.0001
Area x 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

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.

1000

100 T T T T T T T T T T T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

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
logarithmic scale

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 x 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 (6.5 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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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

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

Stn —— Log-transformed waiting time —— Waiting time (léllg 1= 9'1870 ar.ld lag 2 = 0.1720),
Waiting time n =~ Mean Variance F P Median Mean with a residual variance of 2.79 for the
transformed waiting times, which was
Imp. N similar to the correlations obtained in
1st 15 7.44 0.43 52.08 <0.0001 1708 2121 the analysis of baseline data only
2nd + other 57 5.24 3.61 199 1164 .
(Eq. 4 without area x month) (lag 1 =
Imp. W 0.1330 and lag 2 = 0.1070), with a
1st 13 7.40 1.25 52.99 <0.0001 1641 3062 . .
ond + other 95 477 324 128 604 re51dua.ll Varlanf:e of 2.28. Howevgr,
the residual variances of the first wait-
Ref. N ing times were considerably lower
1st 10 7.40 0.15 55.09 <0.0001 1647 1771 (0.15 to 1.25), whereas the variances
2nd + other 47 5.21 3.41 193 1017 : eoh e
of the second and other waiting times
RffiM 20 501 112 9290 <0.0001 377 653 had magnitudes ranging from 2.51 to
s . . . <0. ;
ond + other 210 466 270 116 420 3.61 (Tabl.e 5). These differences had
repercussions for the mean back-
Rlefi S 0 644 116 2054 0.0007 639 1133 transform using the moment transfor-
2nd + other 81 4.63 251 113 372 mation that .1ncluded a contribution
from the variance of the transformed

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

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.

Stn ——— Log-transformed waiting time —— Waiting time DISCUSSION
Waiting time n Mean Variance F p Median Mean
fmp. N We have employed a novel tech-
ond 10 4.88 1.99 141 364 nique for monitoring the echolocation
Other 47 5.32 3.98 070 0.4142 215 1506 activity of harbour porpoises in order
fmp. W to assess the potential impact during
2nd 11 4.29 2.49 83 262 construction of an offshore wind farm.
Other 84 4.83 3.33 11103102 135 673 Although standard hydrophones have
Ref. N been commonly used for monitoring
2nd 8 4.58 4.31 107 850 whales in general (e.g. Au et al. 2004),
Other 39 5.34 3.24 093 03594 218 1059 documented studies using the auto-
Ref. M nomous T-POD are still few (Cox et al.
ond 19 4.61 2.35 110 335 2001, Culik et al. 2001, Koschinski et
Other 191 467 275 003 08634 117 433 al. 2003). Two T-PODs deployed in an
Ref. S exhibition facility in Kerteminde, Den-
ond 9 4.88 2.19 142 403 mark (www.gounderwater.com), log-
Other 72 4.60 2.58 027 0.6121 110 372 ged echolocation activity for about 4
to 9% of the time in which record-

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

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







Carstensen et al.: Porpoise responses to wind farm construction 305

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™!) corresponded well
with those (0 to 25 clicks min~!) 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 (Mghl &
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~! (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 pPa (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 Wirsig 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 pPa (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 pPa.

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 pPa (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 pPa 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.
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Wind energy has experienced dramatic growth over the past decade. A small fraction of this growth has
occurred offshore, but as the best wind resources become developed onshore, there is increasing interest
in the development of offshore winds. Like any form of power production, offshore wind energy has both
positive and negative impacts. The potential negative impacts have stimulated a great deal of opposition
to the first offshore wind power proposals in the US. and have delayed the development of the first
offshore wind farm in the U.S. Here we discuss the costs and benefits of offshore wind relative to onshore
wind power and conventional electricity production. We review cost estimates for offshore wind power
and compare these to estimates for onshore wind and conventional power. We develop empirical cost
functions for offshore wind based on publicly reported projects from 2000 to 2008, and describe the
limitations of the analysis. We use this analysis to inform a discussion of the tradeoffs between
conventional, onshore and offshore wind energy usage.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Over the past 10 years, the onshore wind industry in the U.S. has
grown dramatically and as a result developers, citizens and the U.S.
Congress have expressed interest in the development of an offshore
wind industry. Several companies have developed plans for
offshore wind projects and the U.S. Mineral Management Service
(MMS) is in the process of reviewing these applications and
developing regulations for the industry while the state of Texas has
already leased lands for at least one and possibly several additional
offshore wind farms. Lawmakers, governiment agencies, corpora-
tions, non-governmental organizations and private individuals are
deciding whether or not to support or participate in the develop-
ment of an offshore wind industry, and the relative level of support
or encouragement to give this new industry. In making these
decisions, stakeholders will have to balance the ecological costs and
benefits of offshore wind against its economic costs and compare to
offshore wind energy’s most realistic competitors. The decision is
complex and requires balancing local and global environmental
issues, historical conservation and economic costs.

Offshore wind energy competes with both onshore wind energy
and conventional fossil-fueled electricity. Onshore wind power and
natural gas fired power are the two fastest growing segments of the
electricity market. Coal power is the largest current producer of
electricity in the U.S. Offshore wind will thus displace either coal,
natural gas or onshore wind.

* Corresponding author. Tel.: +1 225 578 4559.
E-mail address: snyderb@lsu.edu (B. Snyder).

0960-1481/$ - see front matter @ 2008 Elsevier Ltd. All rights reserved,
doi:10.1016/j.renene 2008.11.015

Given the uncertainties associated with global climate change, it
is difficult to compare the societal costs and benefits of wind energy
to fossil-fueled energy. However, one way to develop a first-order
comparison of these costs would be include the costs of market
based carbon offsets in the costs of conventional electricity. This
assumes that the costs of carbon emission credits accurately reflect
their ecological value which would occur if carbon credits actually
represent a reduction of the specified amount of carbon dioxide
from the atmosphere.

It is perhaps less difficult to compare the costs of onshore and
offshore wind energy since they both have similar carbon emis-
sions. In this case, one could simply compare the economic and
ecological costs of onshore and offshore wind.

There are several reasons why developers or lawmakers might
prefer offshore wind power over fossil-fueled power or onshore
wind power, Offshore wind power could be less expensive than its
competitors, either at a local or national scale, it could have the
potential to be less expensive than its competitors, or it could have
less severe social and environmental impacts than its competitors.

In this paper, we seek to address the question, “Is investment in
offshore wind power preferred over investments in fossil-fueled or
onshore wind power?" We focus primarily on coal-fired power as
representative of fossil-fueled power since it is the dominant
source of electricity in the U.S. and it is both inexpensive and
a major source of greenhouse gases.

We begin with an overview of the commonly expressed criti-
cisms and benefits of offshore wind power. We discuss cost models
for offshore wind power and compare them to onshore wind power
and conventional power. We also discuss the factors that lead to
higher costs through a first-order empirical cost function and
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discuss how these costs can be decreased. We discuss the envi-
ronmental impacts of offshore wind power and how these factors
can be mitigated. We end the paper with the conclusions of the
analysis.

2. Criticisms of offshore wind power

There have been a number of criticisms on offshore wind power
in the U.S,, mostly associated with the Cape Wind project (Table 1,
[1.2]). The environmental impacts are discussed in more detail
below, the rest of the concerns are discussed here.

2.1. Navigational safety

Any structure placed in federal water must receive a permit
from the Army Corps of Engineers (ACE). The ACE, through the
Rivers and Harbors Act (RHA), has the authority to regulate
obstructions to navigation in federal waters. The ACE considers
a multitude of factors in making RHA decisions, however, their
primary responsibility is protecting navigation, therefore they are
unlikely to permit offshore wind projects that pose serious threat to
U.S. shipping lanes. However, densely spaced wind turbines could
provide a problem for recreational boats and small fishing vessels
attempting to navigate through a wind farm. Typically, turbines in
a wind farm are spaced 500-1000 m apart and have blades that at
their lowest point are at least 20 m above the water. Small boats
should therefore have no problem navigating among these turbine
in good weather, however, some critics of the Cape Wind project
have pointed out that the coast of Massachusetts is infamous for
bad weather and shipwrecks. This is likely to be the case in many
places in which offshore turbines are particularly profitable (i.e.
areas with high winds).

2.2, Federal subsidies

Opponents of offshore wind projects claim that offshore wind
power is not economically viable without federal “subsidies”, by
which they mean federal tax credits for renewable energy. The
federal Production Tax Credit (PTC) gives a tax credit of $0.02/kW h
of produced electricity for the first ten years of production from any
renewable source, including wind.! Opponents of the PTC argue
that its original purpose was to help the renewable energy industry
become established and because it originally became law in 1992, it
should now be allowed to expire. In fact, the PTC did expire in 2000,
2002 and 2004 and is currently set to expire at the end of 2008.
Interestingly, the pattern of wind capacity growth in the U.S. seems
to closely follow the expiration of the PTC[3]. In each of the years in
which the PTC was allowed to expire, the growth in wind capacity
slowed markedly. Given the relatively unfavorable economics of
offshore wind, it is reasonable to suggest that offshore wind energy
projects will need the continuation of the Production Tax Credit
(PTC) in order to be competitive.

2.3. Aesthetics

Opponents to wind power claim that wind turbines mar the
landscape or seascape. This is especially an issue for the Cape Wind
project in which local activists are concerned about the views from
historic landmarks. There are some aesthetic issues that are beyond
the scope of analytic tools, however, the effects of wind farms on
property values has been analyzed. Sterzinger et al. [4] analyzed

! For example, if a 400 MW wind farm has a capacity factor of 50%, then it would
produce about 1.7 billion kW h of electricity annually, and would qualify for 35
million dollars in tax credits each year for the first ten years of its operational life.

property values in the viewshed of onshore wind turbines and
found that in eight out of ten cases the property values in the
viewshed increased faster than the values in control sites.
Furthermore, in nine of ten cases the rate of property value increase
rose after the placement of the wind farm. Thus, there is no
empirical evidence to suggest that wind farms negatively influence
property values,

In Denmark, Ladeenburg and Dubgaard [5] estimated the will-
ingness of citizens to pay for moving turbines further from shore,
They found that respondents were willing to pay 46, 96 and 122
Euros per year per household in order to move a theoretical wind
farm to 12, 18 or 50 km away from the coast, relative to an 8 km
baseline [5]. Huaghton et al. [6] conducted a similar study on Cape
Cod and found that 22% of respondents were willing to pay, on
average, a onetime cost of $286 for windmills to not be built, while
9% were willing to pay an average of $112 for windmills to be built.
The average net willingness to pay per person was $75. These data
suggest that on average the public views offshore wind turbines as
visual disamentities, at least before they are built.

2.4. Cost and risk

The offshore environment is significantly more uncertain and
difficult than onshore, and thus, more costly and risky. The offshore
environment involves personnel traveling to and from offshore
turbines; this increases equipment and time costs as well as
insurance costs due to increased risks. Offshore work involves
increased risks of storms which affect the amount of time available
for maintenance and installation which in turn influence capital
and operation costs. Offshore environments are corrosive to elec-
trical and structural equipment and require turbines to be mari-
nized with cathodic and humidity protection. Capital expenditures
for offshore wind projects depend on marine vessel dayrates which
are unpredictable, and offshore foundations require more steel for
jackets and pilings than onshore foundations.

2.5. Unpredictable power

One of the most substantive criticisms of wind power is that it is
unable to provide constant, predictable power to the grid. The
electricity grid is designed to send a constant AC load to consumers
and it relies on large power plants producing predictable and
steady electricity. Wind energy is not steady and varies on the scale
of minutes, hours, days and months and the changes in wind power
output are difficult to predict ahead of time [7]. Therefore, inte-
grating wind power into the electricity grid will require backup
systems (especially natural gas fired power plants) that can
respond quickly to changing production from wind farms [8]. This
increases the total national cost of electricity. The DOE has esti-
mated that the supply up to 20% of the nation's electrical use from
wind power would cost up to $5/MW h in integration costs [9].

3. Benefits of offshore wind power

Offshore wind power shares all of the same benefits of onshore
wind power relative to conventional power sources (Table 1). Most
notably, wind power has very low carbon emissions over its life-
cycle, as well as negligible emissions of mercury, nitrous oxides and
sulfur oxides. Wind power does not use fuel and is therefore freed
from the price volatility associated with electricity generated from
oil, natural gas, biomass, nuclear and coal. Wind power does not
rely on large sources of freshwater as conventional sources of
power do [9]. In the near term, offshore wind power will be more
expensive than onshore wind power, however, there are several
benefits of offshore wind power that are not shared by onshore
wind; these benefits may or may not justify the additional costs.
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Table 1
Summary of arguments for and against offshore wind and comparison to onshore wind.,
Applies to onshore Validity
wind power

Arguments against offshore wind

Ruins special/historic seascape Y Aesthetics subjective, but wind turbines are visual disamenity to most. No effect on property values,

Kills birds Y Expected death rate 1-10 birds per MW. Difficult to compare effects of wind and fossil fuels on bird
populations on a per MW h basis,

Harms fisheries N Likely to be significant impacts on local fisheries during construction, especially if monopiles are
used. During operation fishing success may increase.

Harms marine mammals N Likely to have impacts on marine mammals during construction, especially if monopiles are used,
potentially including mortality. During operation impacts will be negligible.

Requires subsidies Y Offshore wind power not economically competitive with onshotre wind or fossil-fueled power.

Endangers shipping/navigation N Site dependent. USACE must permit projects and decide if they threaten navigation.

Hurts tourism N Offshore wind projects have caused net increases in tourism.

Arguments for offshore wind power

Mitigates climate change Y Wind power produces very little greenhouse gas emissions over its life cycle,

Decreases water use Y Each MW of wind capacity can offset 0.7-2.1 million gallons of water consumed per year

Improves air quality S Cape wind estimated to prevent 11 mortalities per year (Kempton et al., 2005), but depends on fuel
mix of power actually displaced.

Reduces foreign fuel dependence Y Roughly 50% of U.S, electricity comes from coal; U.S. exports more coal than it imports. Roughly 20%
of electricity from natural gas. Roughly 20% of this natural gas is imported, almost entirely from Canada.

Creates jobs Y The Cape Wind project will create about 50 permanent jobs, plus 100 indirect jobs. Construction will
create several hundred additional jobs.

Creates electrical price stability Y Wind power provides price stability since cost of producing energy can be forecast, but even most
ambitious plans only imagine 20% of U.S, electricity supply to come from wind in 2030.

Close to population centers N Offshore sources are closer to population centers than onshore wind sources, but it is probably cheaper
to build new transmission systems from high-wind onshore sites.

Higher winds offshore N Winds are more powerful offshore, but COE of offshore wind is higher than COE of onshere wind, suggesting
that higher wind speeds do not make up for higher capital costs.

Reduced user conflicts N Site and plan specific; seems to be occurring in Texas, not in Cape Cod.

3.1. Location 3.3. Transport and construction

Onshore wind resources in the U.S. are localized in the middle of
the country, far away from large population centers. Offshore wind
power is physically close to the major population centers of the
coastal United States, thereby removing the need for expensive
high voltage transmission [10]. However, with a large enough
investment, it may be more efficient to build these transmission
lines then it would be to invest in offshore wind power. Recent
studies have evaluated the costs of producing 20% of the nation’s
electricity from wind (primarily onshore wind). The cost to trans-
mit this electricity from the wind centers of the west and midwest
to the population centers on the coasts has been estimated to be
about $20 to $26 billion. This would add about $120 to $180 to the
capital costs of new construction making total capital costs about
$2000/kW, below current offshore costs of around $3000-4000/
kW [9].

Onshore wind power, in some cases, has been stalled by local
opposition due to conflicts between alternative land uses [11]. One
potential benefit of offshore wind is that it may reduce this conflict
[12]. Wind turbines can be placed far enough from the shore to be
inaudible and, potentially, invisible. Local opposition to the Cape
Wind project remains strong, but does not seem to be the case in
the Galveston Offshore Wind Project [13].

3.2. Power

Offshore winds are generally stronger and more constant than
onshore winds. As a result, turbines are expected to operate at
their maximum capacity for a larger percentage of the time, and
the constancy of wind speed reduces wear on the turbine and
provides a more constant source of power to the electrical grid
reducing the need for other sources of electricity to serve as
backups [14]. The increase in wind speed leads to a 150% increase
in electricity production for offshore wind turbines [15] and an
increase in the capacity factor of the wind farm from about 25 to
40% [16].

The marine cranes developed for the offshore oil and natural gas
industry are capable of handling larger equipment than onshore
cranes, thus allowing for larger turbines to be efficiently erected at
sea. The transportation of the required enormous pieces of equip-
ment is also made significantly easier at sea [17]. The size of
onshore turbines is limited by the ability to transport the blades,
tower and nacelles of the turbines. As a result, cost reductions due
to the economics of scale are limited. However, at sea these
constraints are not an issue and wind turbines already exceed
5MW and may eventually exceed 10 MW. These larger turbines
may make offshore wind power more economically attractive due
to the economies of scale.

3.4. Design considerations

Offshore wind power also has several potential benefits that
have not yet been realized due to its nascent nature; these benefits
are related to the potential for new turbine designs optimized for
the offshore environment [18].

Turbine noise is an oft-cited criticism made by opponents to
onshore wind power [19]. The offshore wind power industry does
not have to be as concerned about turbine noise as does the
onshore industry. As a result, the offshore industry can use far
larger turbines [17]. These larger turbines should make offshore
wind power more economically attractive due to scale economies.
Additionally, if offshore turbines are freed from constraints of noise,
then turbine manufacturers could build turbines with downwind
rotors, that is, rotors that are located behind (with respect to the
wind direction) the support tower and nacelle, In upwind rotors,
extreme wind speeds could deflect the blades back toward the
tower. Thus the blades have to be made very stiff, increasing their
price and weight (the increased weight also increases the expense
of the tower, foundation and construction). In a downwind rotor
the blade can be more flexible. However, as the blades pass through
the wind shadow caused by the tower they create a low frequency
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noise. Offshore wind farms would not need to be as concerned with
this noise [20].

Offshore wind farms located over the horizon could also make
use of lattice towers instead of tubular towers. These lattice towers
require less material and are therefore lighter and cheaper than the
more common tubular towers, however, they are rare for aesthetic
reasons [21]. Similarly, two bladed turbines were rejected by the
European market for aesthetic reasons [20], however they are
lighter (and therefore less expensive) than three bladed turbines.

4. Cost estimates of wind power

The economic costs of conventional, onshore and offshore wind
power are shown in Table 2. The estimate for conventional power
comes from an average of all power generation in the US. There is
a great deal of variation in the estimates for offshore wind costs
which is due to the assumptions of the analysts and the year in
which the estimates were performed. Commodity prices have
increased significantly in recent years, and the costs of turbine
construction and installation have also increased, both onshore and
offshore. Additionally, the methodology through which cost esti-
mates are made, and their potential application can differ signifi-
cantly. What is clear is that the costs of onshore wind power are
competitive with conventional power sources, but that the costs of
offshore wind power are more expensive than either onshore or
conventional electricity perhaps by a factor of 2-3. The exact price
of the premium is time and site specific, but may be up to $50/
MW h. Since onshore wind is cost competitive with conventional
electricity, the premium is similar for both energy sources and may
be higher for onshore wind than for conventional power.

4.1. Costs of onshore wind power

Data on the costs of offshore wind power is relatively sparse due
the limited number of installations and the lack of reporting. Data
on onshore wind power costs are more readily available. The price
of onshore wind generated electricity (cost of energy; COE)
declined from 1999 to 2005 from approximately $63/MW h in 1999
to $36/MW h in 2005. However, in 2006 the price began to rise

Table 2
Capital costs and cost of energy of offshore wind farms.
Wind farm or type of estimate Year of Costof  Capital Source
prediction/ energy  costs
estimate  ($/MW h) ($/kW)
Generating costs of coal-fired 2003 49 [60]
electricity
National average wholesale 2008 58 [22]
price of power (primarily
coal, gas and nuclear)
Generic estimate based on 2008 40 1710 [22]
empirical data (Onshore)
Generic estimate based on 2005 40-95  16D0-2600 [64]
small set of empirical data
Theoretical w/3 MW turbine 2006 95 2100 [23]
Theoretical 500 MW farm, 2004 54 1200 [17]
S MW turbines, 15 miles
from coast
LIOWP (cancelled) 2007 291 5231 [25]
Generic estimate for future wind 2007 4000 [25]
farm
General based on empirical data 2007 100 3200 {33]
Cape Wind 2007 122 [65]
Estimates from proposed 2001 48-70 [66]
wind farms
Generic estimate based on all 2008 3354 Data in
available empirical data Table 3
Middelgrunden 2005 70 [26]
Theoretical Generic estimate 2006 3500 [18]
Empirical data 2003 2200-2600 [62]

again and in 2007 the price of wind generated electricity was $40/
MW h (all prices in 2007 dollars). Even with this increasing price,
wind power is competitive with conventional power sources; since
2003 wind generated electricity has been at or below the average
national wholesale price of power.

Part of this rising price is attributed to the rising capital costs of
wind farms. From the early 1980s to the early 2000s, capital costs of
wind farms declined by $2700/kW. From 2001 to 2003 the capital
costs for onshore wind farms averaged about $1450/kW; by 2007
these costs had risen to $1710/kW. These increasing project costs
are due to increasing turbine costs which have increased as
demand and commodity prices have grown.

The primary drivers of the COE are the capital costs of a wind
farm and the capacity factor. COE increases with the capital costs
and decreases with the capacity factor [22].

4.2. Offshore cost estimates

Musial and Butterfield [17] developed a model of the costs of
offshore wind farms. They modeled a hypothetical 500 MW wind
farm composed of 100, 5 MW turbines. The farm was in shallow
water, 15 miles from the coast. They assumed that the turbines
would cost $340 million, the foundations $100 million and the
electrical connections $160 million. This gave a total construction
cost of $1200/kW and a cost of energy of $54/MW h.

Fingersh et al. [23] modeled the costs of a single 3 MW turbine in
shallow water, but included the per turbine costs of electrical
interconnection. The cost of electricity was a function of the annual
expenses divided by the annual energy production. The annual
expenses included the rate of return on the initial capital invest-
ment (11.85%) times the initial capital required ($6.3 million; $2100/
kW) plus the land lease costs ($12,000), operation and maintenance
costs ($215,000 per year), and replacement and overhaul costs
(855,000 per year). Fingersh et al. assumed a capacity of 38% and
predicted the total costs to be $95/MWh. They used a similar
method to estimate the costs of onshore wind power and found
them to be roughly half the costs of offshore wind power.

In the now defunct Long Island Offshore Wind Park (LIOWP)
agreement between FPL Energy and the Long Island Power
Authority (LIPA), LIPA agreed to pay $94.97/MWh for offshore
produced wind power. This rate was designed to increase annually
at 2,75% [24]. PACE Global Energy Services conducted an inde-
pendent report for LIPA and found that the costs of construction
were approximately $750 million ($5231/kW). This translated into
a cost of energy of $291/MW h, PACE also estimated the costs of
a future (2010) generic European offshore wind farm at $4000/kW.
This high cost is due to the increasing price of materials [25].

4.3. Cost components

The primary component costs for on and offshore wind based on
empirical studies are shown in Fig. 1. The primary capital cost for
onshore wind projects is the turbine; installation costs make up
about 14% of the total capital costs. For offshore wind projects, the
costs of installation is higher, approximately 20% of the total costs and
the costs of building and installing the foundations account for
another 20% of capital costs. For offshore wind, operation and
maintenance costs make up a larger proportion of the overall
components of the COE [23]. This is likely due to the costs of accessing
offshore wind farms and maintaining turbines in operating condition.

5. Offshore cost functions
5.1. Data source

We have compiled data from a variety of public sources on the
costs of offshore wind farms built in Europe (Table 3). Construction
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Fig. 1. Costs of onshore and offshore wind. Sources: [23,31,33,62,63].

costs have ranged in price from $1462 to $7000/kW of capacity and
average $3354/kW of capacity. Excluding Beatrice, estimated costs
for not yet completed wind farms and developments built before
2000, construction costs for wind farms built between 2001 and
2007 ranged from $1462 to $3125/kW. We believe the smaller
sample is more representative of general trends and use it for all
further analyses.

These data come from a variety of sources including developer
websites which we cannot independently verify. These data may
not reflect the entire costs of construction in all cases such as the
cost of transmission studies and permitting. The cost data were

inflated to 2008 dollars by converting the original cost to dollars
using the average exchange rate in the year in which the estimate
was given (assumed to be the year of construction unless otherwise
indicated), then inflating to 2008 dollars using the U.S. Bureau of
Labor Statistics calculator,

5.2. Model specification
We created multiple regression models of capital cost based on

several factors. We hypothesized a cost model in which the
predictor variables were total capacity, water depth, distance to

Table 3
Costs of offshore wind farms in Europe.
Wind farm Nation Year constructed Capacity (MW) Total cost* (million) Depth (m) Turbine Number of Distance to
size (MW) turbines shore (km)
Vindeby Denmark 1991 5 1n2 35 045 1 15
Lely Netherlands 1994 | 48 75 05 4 08
Tuno Knob Denmark 1995 5 11.2 4 05 10 3
Dronten Netherlands 1996 n 28.6 15 0.6 19 0.03
Bockstigen Sweden 1997 3 4.3 6 055 5
Blyth UK 2000 4 7 8.5 2 2 1
Middlegrunden Denmark 2001 40 53 6 2 20 2
Utgrunden Sweden 2001 10 14 8.6 1425 7
Yttre Stengrund Sweden 2001 10 18 8 2 5
Homns Rev Denmark 2002 160 500 10 2 80 14
Nysted Denmark 2003 158 373 775 23 72 10
Samso Denmark 2003 23 52 20 23 10 35
North Hoyle UK 2003 60 148 12 2 30 7)
Ronland Denmark 2003 172 26 1 23 B
Scroby Sands UK 2004 60 155 16.5 2 30 25
Arklow Ireland 2004 25 70 35 36 7 10
Kentish Flats UK 2005 90 217 5 3 30 10
Barrow UK 2006 90 190 175 5 30 75
Egmond aan Zee Netherlands 2006 108 334 18 3 36 10
Burbo Bank UK 2007 S0 185 5 36 25 6.5
Beatrice UK 2007 10 70 45 5 2 22
Lillgrund Sweden 2007 110 300 7 23 48 10
Q7 Netherlands 2007 120 590 215 2 60 23
Lynn/Inner Downsing UK 2008 90 600 95 36 54 5
Robin Rigg UK 2008 180 765 5 5) 60 9
Throton bank Belgium 2008 300 1250 14 $ 60 27

Sources: [18,26,64,66-75].

? Adjusted for inflation using the Bureau of Labor Statistics calculator and exchange rates at the time of construction.
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shore, year constructed, turbine size, and number of turbines. We
had no reason to assume that any interaction or higher-order terms
would be appropriate.

5.2.1. Total capacity

Obviously, increasing the size of development will increase the
capital costs of the project and this parameter is needed in the
model in order to control for varying sizes of developments.
However, the costs are unlikely to scale linearly with the size of
development. Installation costs, and grid connection costs, and
even turbine costs are unlikely to scale linearly with the size of the
wind farm. For example, for orders of over 100 turbines there is
approximately a 30% reduction in the list price [16]. Nonetheless,
we expect that the total capital costs will increase with increases in
total capacity.

5.2.2. Turbine capacity

There is a clear trend toward increasing turbine size in onshore
[22] and offshore applications. This could decrease costs since
larger capacity turbines would require fewer foundations for the
same sized wind farm, however, larger components require larger
barges and cranes for construction which are less common and
more expensive than smaller barges. There is no relationship
between turbine capacity and the per kW capital costs of offshore
wind farms (Fig. 2) and so we do not hypothesize relationship
between increasing turbine capacity and capital costs.

5.2.3. Distance to shore

The distance to shore influences both the construction and
operation and maintenance costs. During construction the ships
will have to make a number of trips between the site and shore to
load additional equipment. This travel period is costly and therefore
the closer an offshore site is to an industrial port facility, the less
expensive installation will be. Furthermore, the distance to shore
also dictates the amount of transmission cabling required. During
operation a maintenance crew will need to make regular trips to
the wind farm to monitor the foundations, towers and turbines
[26]. Locating this crew as close as possible to the wind farm will
decrease both the environmental impacts and the costs of main-
tenance, We expect distance to shore to be positively related to
capital costs.

52.4. Water depth

Water depth is a primary factor in most offshore operations in
the oil and gas industry, and thus we suspect water depth will also
eventually play an important role in determining costs as offshore
wind farms are installed in ever deeper water. Increasing depths
increase the price of construction by making monopile and gravity
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Fig. 2. Capital costs versus turbine size,

foundations impractical and potentially requiring the use of
expensive, jacketed foundations and expensive marine vessels for
installation. Shallow water can restrict the access of some large
barges which could also restrict operations. Many cable laying
vessels have deep drafts (up to 8 m); therefore shallow water may

necessitate the use of remotely operated vehicles (ROVs) for cable

laying operations. Use of ROVs and divers in offshore construction
will significantly impact costs.

52.5. Year of construction

There is a general expectation that technological learning will
cause the cost of offshore wind installations to decrease [16]. This
has occurred in the onshore wind industry with consequent
expansion in capacity, and there is a great deal of expectation that
a similar phenomenon will occur in the offshore wind industry.
Year of construction may be negatively associated with capital
costs, but we do not suspect that the sample set is sufficiently large
to detect such effects.

5.3. Model results

We checked the variables for colinearity using a correlation
matrix and found no parameters with correlation coefficients
greater than 0.7. Therefore, we left all parameters in the model and
applied various combinations of the 5 parameters and ranked the
models according to their adjusted R? value. The models and their
parameter estimates are given in Table 4.

Three variables common to all three of the best models were
total capacity, distance to shore, and turbine size. As expected, costs
increased with increases in total capacity and distance to shore, and
decreased with increases in turbine size. The year of construction
and water depth were not significant in any of the models. The
water depth value from the sample set ranged from 1 to 21 mwhich
is not sufficient to detect depth effects. The cost element is also too
gross to expect time to play a significant role in the model.

5.4. Limitations of analysis

The capital costs of offshore wind farms is governed by condi-
tions unique to the structure, site contractor and country as well as
the prevailing environmental, engineering, market, operational,
and regulatory conditions at the time of the operation. The unique
nature of the offshore operations and construction objectives drives
the variability observed and can only be partially explained through
factor analysis.

6. Managing costs
With a COE of up to $100/MW h (Table 2), offshore wind is not

currently cost competitive with either onshore wind or conven-
tional electricity. However there are a number of factors which may

Table 4
Parameter estimates from the three best models from multiple regressions.

Total cost (million $) = fg+ §} (vear) + 55 (distarice to shore (m))+ 85 (turbine
size(MW)) + f3(capacity (MW)) + S5(water depth (m)}

Parameter Model 1 Model 2 Model 3

Bo —21,029 (0.2281)° 18.02 (0.6929) —19,293 {0.2890)
f 10,53 (0.2271) 9.66 (0.2887)
B2 9.28 (0.015) 9.97 (0.0007) 8.43 (0.0111)
B3 —56.14 (.0204) ~39,06 (0.0346) —57.68 (D.0229)
Bs 2.45 (<0.0001) 2.65 (<0.0001) 2.53 (<0.0001)
s 1.05 (0.5825)
Adj R? 0.92 (<0.0001) 0.91 (<0.0001) 0.91 (<0.0001)

? P-values reported in parenthesis.
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lead to significant cost reductions in the future and there are many
factors that may make offshore wind locally attractive.

The COE for offshore wind power is determined by the capital
costs of installation, the interest rate, the operation and mainte-
nance costs, and the energy produced. Offshore wind developers
have little control over some of these factors (e.g., the interest rate),
but site selection and project planning can reduce costs and
increase revenues. Furthermore, the costs of offshore wind may
decrease over time due to technological learning.

6.1. Factors influencing revenue

The wind profile at a site determines the COE and the revenue to
a wind farm operator by determining the number of kW h sold.
Since wind power scales with the cube of wind velocity, the
velocity of the air is likely to be the most important single factor in
determining the placement of offshore wind farms and their
profitability. The strongest winds offshore of the U.S. occur in the
Aleutian Islands in Alaska, off the coast of northern California and
southern Oregon, and in the Atlantic Ocean off the southern and
eastern coasts of Massachusetts. In all of these places wind speeds
at 50 m average 8.8-11.1 m/s [10]. While these are the largest
concentrations of strong winds, there may also be areas of class 7
winds (the most powerful wind class, considered superb by NREL
for energy production) at 80 m off the coasts of Texas, Louisiana,
North Carelina and Long Island [27], however, these winds were not
identified by some other studies [10].

The value of energy is also determined by the time of the day in
which these winds blow. Electricity is not equally valuable
throughout the day and developers interested in site selection need
to know not just the mean annual wind speed, but the time of day
and time of year in which the wind is strongest.

Revenue is determined by costs of energy at the locat level. In
the U.S. the average retail price of electricity ranges from 4.92 to
20.72 cents/kW h [28]. Thus an offshore wind farm may not be
practical in Washington (average retail price of electricity is
6.14 cents/kW h) but may be very profitable in Hawaii where the
average price is over 3 times higher (20.72 cents/kW h).

Revenue is also impacted by what other marketable products
the wind farm generates. In states with Renewable Portfolio Stan-
dards (RPS), wind farm operators could sell renewable energy
credits (RECs). States with RPS include most of the states with
offshore wind potential with the exception of Ohio, Georgia, Loui-
siana and Michigan. The prices of RECs vary dramatically with the
most expensive RECs being about $45 to $55/MW h in Massachu-
setts, Connecticut and Rhode Island.

The differences in local prices for electricity and RECs mean that
the Cape Wind project may be able to sell its electricity for about
13 cents/fkWh (average wholesale price of electricity in New
England in 2007 was 7.7 cents/kW h; average REC price is 5.5 cents/
kW h), while the Galveston Offshore Wind project may only be able
to sell electricity at half that rate (average wholesale price of
electricity inTexas in 2007 was 5.7 cents/kW h; average REC price is
0.5 cents/kWh; [22,28]). These differences in revenue could
determine if a wind farm would be competitive with fossil-fueled
fired electricity or not.

6.2. Site selection impacts

Previously, we discussed the possible impacts of water depth
and distance to shore on capital costs, however, other factors
associated with the site selection will also impact capital costs, for
example, seafloor geology. Most offshore wind farms have been
established using driven monopiles, however, monopiles are
impractical in rocky soil since they may require drilling. Suction
caissons have been employed as foundations for some turbines and

they have been installed in both clay and sandy soils, but, firmer
substrates require larger pressure difference between the outside
and inside of the basket. Therefore, suction foundations may be
impractical in some shallow water applications.

Areas with extreme weather events, and even areas with a high
frequency of moderate weather events, can also influence costs.
Moderate waves (above 2 m) can delay construction and effect the
proportion of time that maintenance crews can access the turbines.

Hurricanes could dramatically influence the costs of construc-
tion and insurance. Current onshore towers are built to withstand
120 mph winds; hurricanes often have winds that significantly
exceed this threshold. WEST, a company interested in building an
offshore wind farm off the coast of Texas, has developed plans for
a wind turbine that could withstand winds in excess of 150 mph
[29]; it is unclear how much this might add to the cost of a turbine.
Given the frequency of hurricanes in the Gulf of Mexico and the 20-
30 year lifetime of a wind farm, it seems prudent for any wind farm
to plan on being impacted by one or more hurricanes over its
lifetime.

6.3. Project specific impacts

The costs of installation are partly determined by how many of
the components are assembled on land. In some cases, developers
have assembled components and even complete turbines on land
and then shipped them to the installation site. This may decrease
the time in which barges are needed but increase the sizes of the
barges needed for construction. Barge costs are determined by the
market; if wind farm development increases barge utilization then
demand conditions will likely increase dayrates. Contracts with
barges can be on either a turnkey or dayrate basis. Turnkey
contracts transfer the operational risks associated with construc-
tion to the contractor; the party who holds weather related delay is
determined by the terms of the contract,

6.4. Economies of scale

The largest wind turbines in the world are built by two German
companies, Enercon and Repower. Enercon is building a 6 MW
prototype land-based turbine while Repower sells a 5 MW turbine.
Physical principles suggest that these larger machines should be
more expensive per kW than smaller turbines because the material
needed for a turbine should scale with the third power of rotor
diameter while the power should scale with the square of rotor
diameter [16,20}. However, empirical data suggest that the cost per
kW of capacity has stayed relatively constant with increasing rotor
diameter due to technological innovation [20] and the weight of the
blades and the nacelles has scaled with the exponents 2.3 and 1.5
respectively, rather than the cube as expected [16]. This, combined
with the fact that operation and maintenance costs are lower for
wind farms with fewer, larger turbines, means that as the scale of
wind farms increases, the costs of energy may decrease [30). These
cost reductions reach a limit for land-based wind farms due to the
high costs of transporting huge turbines and blades. For offshore
turbines transportation over roadways is not an issue, and it is
likely that the size of offshore turbines may continue to increase
above 5 MW [9]. We would expect that wind farms using large
turbines would therefore be cheaper on a per kW capacity basis,
but so far this has not occurred (Fig. 2).

We might also expect larger wind farms to be less expensive on
a per MW basis than smaller wind farms [31]. This could occur
through discounts with large turbine purchases, through learning
associated with installation of foundations, through operation and
maintenance efficiencies or through decreasing per MW electrical
connection costs. However, neither the data for onshore wind
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farms seem to support this expectation [32] nor do the data for
offshore wind farms (Fig. 3).

6.5. Technological learning

Musial and Butterfield [17] predicted that the COE for an
offshore wind farm in shallow water would decline from $54/MW h
in 2006 to $32/MWh 2025 based on technological learning and
independent of cost reductions through scale economies.

There are several ways in which technological learning could
take place; it could occur through incremental developments, the
development of new main components, or through the develop-
ment of entirely new turbine concepts [18]. Incremental develop-
ment consists of developing new methods for turbine installation,
advanced blade materials, easier access to the turbines, and more
reliable electronic components, and is expected to be the major
source of future price reductions? [18,33]. Other options for tech-
nological cost reductions include the use of DC transmission, the
mass production of jacketed structures, and the assembly of turbine
components onshore [16,18,33].

7. Environmental impacts of offshore wind power

Offshore wind power has both positive and negative environ-
mental consequences. The negative environmental consequences
are generally local, whereas the positive environmental conse-
quences are global and exist only insofar as offshore wind power
displaces other forms of electricity generation. The environmental
impacts studied in the Cape Wind EIS are shown in Table 5, but
note that the U.S. Fish and Wildlife Service has objected that the
data used to make the determinations in the table were not
adequate. In general, the environmental impacts of offshore wind
are similar to those from onshore wind, however, offshore
wind has additional environmental impacts, primarily associated
with the effects of noise on marine animals, that onshore wind
does not share.

7.1. Impacts on birds

One of the primary concerns surrounding wind farms is the risk
that they will cause excessive avian mortality through collisions.
The birds riost at risk of collision will be seabirds, and in some cases
migrating passerines. While bird mortality increases due to the risk
of colliding with offshore turbines, the rate of mortality is relatively
low, from 0.01 to 23 mortalities per turbine per year (these data are
from both on and offshore wind farms; [34]). On a per MW basis,
fatalities range from 0.95 to 11.67 deaths per year [35]. Altamont
pass in California became notorious for its bird mortality. While the
annual collision rate per turbine was low (0.02-0.15 collisions per
year), mortality was still sizable due to the fact that 7000 turbines
were involved and many of the birds killed were golden eagles,
a charismatic species [34]. These data suggest that the fatality rate
may be highly dependent on site specific factors.

The estimates above were generally taken from studies in which
mortality was measured by counting dead birds found near
turbines and, in some cases, correcting for birds removed by
scavengers. In the offshore environment counting carcasses is likely
to be very difficult due to the fact that many carcasses will not be
found [36]. At Nysted, a thermal imaging system was placed on one
of the turbines and could monitor 30% of the swept area for bird

2 One example of this could be the learning that occurred during the Horns Rev
installation, Eighty turbines were installed at Homs Rev. At the start of construction
the average installation time was 3 days; by the end of the construction period an
average of 14 turbines was installed per day [16].
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collisions. Using these data, it was predicted that approximately
0.02% of birds would collide with turbines.

Wind farms can also pose barriers to birds. Birds often seem to
avoid flying through wind farms; this likely decreases their
mortality [37]. However, birds that avoid a wind farm must expend
a significant amount of energy flying around it, especially since
offshore wind farms can be quite large (tens of square miles). This
could be of particular importance if a wind farm is located in

between rookeries and feeding grounds [34].

Table 5
Environmental impacts associated with Cape Wind development according to the
EIS.
Affected resource Construction Operation impacts
impacts®
Oceanography Currents No measurable Minor
impacts
Waves No measurable No measurable
impacts impacts
Salinity No measurable No measurable
impacts impacts
Temperature No measurable No measurable
impacts impacts
Sediment transport  Minor Minor
Water depth Minor Minor
Birds Raptors No measurable No measurable
impacts impacts
Passerines Minor No measurable
impacts to Minor
Coastal species No measurable No measurable
impacts to Minor  impacts to Moderate
Marine birds Minor to Moderate Minor to Moderate
Invertebrates  Benthic invertebrates Minor Minor
Shellfish Minor Minor
Plankton No measurable Minor
impacts
Fisheries Finfish Minor No measurable
impacts to Minor
Demersal eggs and Moderate
larvae
Fish habitat No measurable No measurable
impacts to Minor  impacts to Minor
Marine Marine Mammals Minor to Moderate No measurable
Mammals impacts to Moderate
Endangered Sea turtles No measurable No measurable
Species impacts to Minor  impacts to Minor
Cetaceans No measurable No measurable
impacts to Minor  impacts to Minor
Birds No measurable No measurable
impacts to Minor  impacts to Moderate

# Minor impacts are those that can be completely mitigated against or are small
enough that the resource can recover completely on its own. Moderate impacts
occur if either the impact is immitigable but the resource could recover on its own,
or if the impact can be partially mitigated and the resource could then recover on its
own. Major impacts occur if the impact is immitigable, the viability of the resource is
threatened and the resource would not fully recover.
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Finally, wind farms can remove essential habitat from seabirds.
Many seabirds have restricted areas in which they can successfully
feed and in many cases these areas are shallow sand banks
appropriate for wind farm development. If birds avoid wind farms,
then even though the footprint of a wind turbine foundation is very
small, very large areas of habitat may be inaccessible to birds. This
seems to have occurred among diving birds at the Horns Rev wind
park and long-tailed ducks at Nysted wind park. Similar patterns
are seen for terns and auks at Horns Rev, although the trends are
not significant [38].

7.2. Impacts on marine mammals

Many cetaceans use echolocation to find food and many more
communicate via acoustic signals. As a result many cetaceans,
particularly porpoises, have very sensitive hearing which can be
damaged by the loud noises associated with wind farms, particu-
larly the sounds of pile driving. At the site of construction, the
sound pressure level of pile driving a monopole for a 1.5 MW
turbine is 228 dB [39], Four-hundred meters away from pile driving
the sound pressure level is 189 dB. This would cause hearing loss in
seals. Hearing loss for porpoises would likely extend 1.8 km away
from the source. Pile driving would be audible to porpoises and
seals for at least 80 km and might cause behavioral responses up to
20 km away [39]. This sound pressure level is similar to, but slightly
less intense than that used in naval sonar which has been impli-
cated in the mass stranding of beaked whales [39]. During wind
farm operation the noise from the turbines may be detectable for
porpoises and seals up to about 1 km from the source [39].

At the Nysted Wind farm the population of harbor and grey seals
was monitored before, during and after construction. Wind farm
operation did not seem to significantly impact seal abundance,
however, piling driving operations that occurred at one foundation
site (Nysted uses gravity foundations) did decrease the number of
seals observed at a nearby breeding site. Also, while the total
annual population remained stable, after construction fewer harbor
seals were present on nearby land sites in June (the breeding
season) but more were present in July and August. This could
suggest that fewer seals are using the area around the wind farm for
breeding which could have an important effect on the viability of
the population.

Harbor porpoises were shown to occur less frequently in the area
around a wind farm during construction at both Nysted {40] and
Horns Rev [38]. Presumably this is primarily due to animals fleeing
the noise. At Homns Rev, the porpoises seemed to return following
the construction period, however, even two years later porpoises at
Nysted are less numerous then they were in baseline [38].

7.3. Impacts on fish

Wind farms could have both positive and negative impacts on
fish. These effects could cascade up the food web to have either
positive or negative effects on the birds and marine mammals that
consume them.

As with marine mammals, fish can be very sensitive to loud
sounds and could be displaced during wind farm construction:
however, there is a great deal of variability among fish auditory
systems and different species of fish will respond differently to
noise from underwater construction. Furthermore, bottom-
dwelling will be affected differently from fish swimming in the
water column due to the different propagation of sound through
sediment [39].

There have been few studies on the effects of pile driving on fish
(reviewed in [41]). In general, these studies have placed fish in
cages at various distances from the piles being driven and
measured mortality and other injuries through non-microscopic

necropsy. Abbott and Bing-Sawyer [42] studied Sacramento black-
fish and found that fish placed in cages close to the sound source
(45 m) experienced more damage than animals further away and
that damage was only found in animals exposed to 193 dB or more.
CALTRANS [43] studied shiner surfperch and steelhead and
compared damage between fish experimentally exposed to pile
driving and fish that were transported to the site but not exposed to
noise. They found that fish exposed to pile driving noise experi-
enced more damage than unexposed animals, but that there was no
significant difference in mortality rates between control and
experimental animals. CALTRANS [44] also conducted an observa-
tional study of fish mortality during pile driving for the San Fran-
cisco-Oakland bay bridge and found dead fish out to 50 meters
around the construction. Finally, Abott [45] and Marty [46] studied
the effects of a relatively small pile (2 feet in diameter) being driven
close (32 feet) to cages of shiner perch, Chinook salmon and
northern anchovies and they used control fish subjected to the
same conditions but without noise. They found no difference in
either mortality or pathology.

There have also been a few studies on the effects of noise on
stress levels in fish. Chronic noise exposure is known to increase
stress levels in humans with consequential effects on health, Smith
et al. [47] studied the effects of a continuous 170 dB noise on
corticosterone (a stress hormone) levels in goldfish and found no
statistically significant results,

More subtle effects on fish behavior could also occur. Engas et al.
[48] and Engas and Lokkeborg [49], found that the catch rate of
haddock and cod decreased in areas after air gun use but returned
to normal several days later suggesting that fish left the area and
gradually returned. Nedwell et al. [50] calculated the zones around
which salmon and cod would show significant avoidance behavior
to be 1.4 km and 5.5 km, respectively.

The only clear conclusions which can be drawn from this
research is that pile driving will effect fish; the degree of this effect
will vary and is not at all clear. Very close to pile driving some
mortality may occur for some species and fish may temporarily
leave the area.

Many species of fish are also sensitive to electric and magnetic
fields which can be caused by buried underwater cables. Fish use
their perception of electric and magnetic fields for orientation and
prey detection. Species that contain magnetic material, potentially
for navigational purposes include several species of economically
important fish including yellow fin tuna, and Chinook and sockeye
salmon [51]. There is some evidence that the fish in the area of the
Nysted wind farm may be affected by the electromagnetic fields
produced by the wind farm. Baltic herring, common eels, Atlantic
cod and flounder all showed asymmetries in the catch rate on
either side of the cables suggesting that the cables may retard
migration [38].

In addition to these negative effects, there has been some
discussion of the potential for positive impacts from offshore wind
farms on fish and fisheries. After construction of an offshore wind
farm, turbine foundations could act as fish aggregating devices
(FADs). The foundations could add three dimensional complexity to
the environment and serve as a substrate for benthic invertebrates,
thereby attracting fish. Offshore oil platforms are well known for
this property. Although monopiles lack the structure of offshore oil
and gas platforms, Wilhelmsson et al. [52] have shown that they act
as fish aggregating devices at the Yttre Stengrund and Utgrunden
wind farms. At the Horns Rev and Nysted wind farms there was no
clear difference between fish densities inside and outside of the
wind farms [38]. The difference in these results is likely due to the
different methodologies employed. The Swedish studies used scuba
divers to monitor fish while the Danish studies used hydro-acoustic
sampling. As a result, the Danish studies may have overlooked
some of the smaller species observed in the Swedish wind farms.
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7.4. Environmental benefits of offshore wind power

Wind power is considered to be among the most environmen-
tally benign sources of electricity available today and it is important
to consider the negative environmental impacts of wind power in
the context of alternative sources of electricity. For example,
concerns about the impacts of wind power on birds should be
compared to the impacts of fossil fuel use on birds on a per MW basis.

7.4.1. Greenhouse gases

The primary environmental benefit of wind power is its negli-
gible contribution to global climate change. The only greenhouse
gases produced by the establishment of a wind farm are those used
in the construction and operation of the wind farm. The greenhouse
gases released from construction and operation of an offshore wind
farm are likely to be dominated by CO; released from the ships used
in construction of the wind farm and the manufacturing of the steel
used in the turbine towers and foundations. To our knowledge
there is no estimate of these emissions for offshore wind farms, but
for onshore wind farms these emissions decrease the CO; offset by
1-2% [53]. It is not clear whether offshore turbines would have
higher or lower per MW CO, output from construction. In general,
transportation via ship is more efficient than over land, but the
operation and maintenance emissions may be higher for offshore
wind. Assuming an offshore wind turbine replaces electricity
generation from fossil sources at a rate equal to that for onshore
wind farms, then each MW of wind capacity should displace about
1800 tons of CO; per year [54].

Itis extremely difficult to predict the effects of climate change per
ton of CO,. While we can predict a per MW bird mortality associated
with wind power, we cannot make a comparable prediction for fossil
fuel use. Studies have indicated that climate change may be associ-
ated with high rates of species extinction. Climate change is pre-
dicted to cause between 11 and 45% of all species to become extinct
[55]. For birds, the subject of so much concern over wind power, it is
estimated that 950-1800 species of terrestrial birds (out of 8750
studied) will be threatened due (in part) to climate change [56). It is
critically important, however, that there has been very few studies of
the adaptation of biodiversity to climate change, thus these esti-
mates must be taken as preliminary [57]. Still, the fact that climate
change may imperil the survival of species, especially species
endemic to high and low altitudes and latitudes and restricted
geographical ranges, is in contrast to wind power which has no
demonstrated population or species level effects on biodiversity.

74.2. Water

In many parts of the U.S. water resources are stressed. The six
world climate models used in the Intergovernmental Panel on
Climate Change (IPCC) generally predict that the U.S. will become
drier by 2050, One of the models predicts that precipitation over
virtually the entire U.S. will decline by over 30% while the other five
models show more modest declines [57]. Forty-eight percent of
total water withdraws and nine percent of total water consumption
(68 billion liters per day) is used by thermoelectric power plants
(powered by coal, natural gas, nuclear, oil and biomass; [9]).
Ethanol production also uses large quantities of water, from 3.5 to
61 of water for every liter of ethanol produced [58]. Wind power
directly uses no water. Per kW h, the amount of water used in fossil-
fueled plants ranges from about 0.2 to 0.6 gallons depending on the
technology employed [59]. Assuming a 40% capacity factor, 1 MW of
offshore wind power can offset the use of between 0.7 and 2.1
million gallons of freshwater per year.

7.4.3. Value of ecological benefits
Onshore and offshore wind have nearly identical ecological
benefits on a per MW h basis. We can attempt to place a dollar value

on the ecological services, in terms of water unused and carbon not
emitted, of offshore wind power relative to traditional fossil-fueled
power. The actual costs of offsetting a ton of carbon are not known,
but governments have set up trading systems in which offsets are
exchanged. The costs of these offsets will be set by supply and
demand, and are expected to increase in the future. Current prices
for the offset of one metric ton of CO; are around $30. Each MW h of
coal-fired electricity produces 0.839 metric tons of CO; [60}. Thus,
per MW b, the value of avoided CO, emissions may be about $25.

8. Ecological mitigation
8.1. Mitigation through site selection

Potential sites are avoided due to their potential impacts on the
environment. Certain areas are known to be bottlenecks on the
migratory routes of large numbers of birds. Cape May, New Jersey,
Delaware Bay, Grays Harbor Washington, Point Reyes, California,
and the Barrier Islands of Louisiana are all important areas for avian
migration and may be considered unacceptable for offshore wind
power development. Similarly, planners for the LIOWP took the
migration routes of Right Whales into consideration in selecting
a site. Whale migration routes will likely need to be considered on
the Pacific coast as well.

Placing offshore wind farms near nesting sites for seabirds may
also be ecologically hazardous. Seabirds gererally avoid using the
Horns Rev wind farm and direct mortality from collision with
turbines is relatively rare and in many cases not significant.
However, because seabirds avoid entering offshore wind farms,
their existence may reduce available foraging habitat or force birds
to expend energy to fly around the wind farm. Both of these could
have population level impacts on bird species. Offshore wind farm
construction could also have similar impacts on nearby populations
of marine mammals.

From the perspective of conserving biodiversity, it is perhaps
most important for developers to avoid areas considered essential
habitat for threatened or endangered species. The endangered
species act requires that critical habitat for any listed species be
identified and it requires federal agencies that permit activities
consider the effects of permitting on these habitats. While there are
procedures in which the government may permit activities that are
detrimental to the critical habitat of an endangered species, it
would seem prudent for developers to exclude critical habitats of
endangered species from development plans, if not out of
a perceived ethical responsibility for conservation, then out of the
risk of the failure of the permitting process and the associated
financial losses,

The areas of critical habitat for species managed by NOAA are
listed at http://www.nmfs.noaa.gov/pr/species/criticalhabitat.htm
and species managed by FWS are listed at http://crithab.fws.gov/.
The critical habitat of the North Atlantic Right Whale and the Stellar
Sea Lion, both managed by NOAA, are the most likely to influence
offshore wind placement. The critical habitat of the North Atlantic
Right Whale includes areas off the coast of southern Georgia and
the Atlantic Coast of Northern Florida as well as areas off the
Northern and Eastern coasts of Cape Cod. The areas of critical
habitat that may conflict with offshore wind power development
for the Stellar's sea lion consist of five small zones off the coast of
northern California and Oregon.

The impacts on local culture should also be considered. One of
the primary criticisms of the Cape Wind project is that it will spoil
the views from historic areas. Similarly, some areas of interest for
offshore wind development may be located near shipwrecks. These
issues should be noted by wind power developers for two reasons,
First, the MMS, in their guidelines on development of the OCS,
adopted a policy of consulting with State Preservation Authorities
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before permitting development and it is therefore possible that
MMS would decline a permit for offshore wind energy if there were
significant cultural issues. Secondly, even if MMS were to allow
development, construction can be seriously slowed by local
community resistance. For example, the Cape Wind project will, if
completed, have taken at least a decade to develop and have
required at least one protracted legal battle (Alliance to Protect
Nantucket Sound v. United States Army). In contrast, WEST's plans to
build a wind farm off the coast of Texas have proceeded rapidly,
despite less favorable wind conditions. This may be due to accep-
tance by the local community, many of whom are familiar
with offshore structures from experience with the oil and gas
industry [13].

8.2. Mitigation through technology

Most of the offshore wind turbines constructed to date have
used monopole foundations. The ecological effects of the piling
operations are a concern, however, there are alternavites to pile-
driven foundations. One option would be to use gravity founda-
tions, as were used in the Nysted and Middlegrunden wind farms.
Gravity foundations are simple concrete structures with large
diameter bottoms that rest on the sea floor. They weigh thousands
of tons and use their weight to stabilize the turbine. Gravity
foundations do not require piling operations and therefore have
less potential to disturb marine mammals and fish. Also, gravity
foundations have more three dimensional structure than monop-
iles; this may provide additional habitat for benthic organisms.

Another alternative would be to use suction foundations, such as
those considered in the Beatrice demonstration project. Suction
foundations are simple steel baskets that are placed on the seafloor
and form a seal with the ocean bottom. Suction is then applied to
the inside of the basket and the resulting pressure difference causes
the basket to bury itself in the sediment, much like a driven
monopile. Again, installation is much quieter allowing for fewer
environmental effects.

Technologies are also being developed to allow the use of
deeper water. Using deeper water would allow offshore wind farms
to be sited further from shore, increasing the wind speed and
decreasing the possibility of conflicts with local human and animal
populations. A survey conducted in New Jersey showed visitors and
residents simulated images of offshore wind farms at varying
distances from shore and found that as the distance increased the
percentage favoring development increased [61]. Deep .water
turbines could be placed over the horizon and thus be invisible
from shore. This would also decrease their impact on seabirds
which generally do not feed in the open ocean, and on migratory
birds, which, with the exception of birds flying over the GOM, do
not migrate over open ocean. Additionally, these turbines are
placed on floating foundations that will likely have fewer envi-
ronmental impacts during construction.

One of the leading developers of floating foundations for
offshore wind turbines is Blue H Technologies. They have recently
installed an offshore wind turbine in 108 m of water 20 km off the
coast of Italy and also applied to MMS for a permit to study the
potential for a wind farm 23 miles off the southern coast of Cape
Cod. If this technology becomes economically viable it could
decrease conflicts with coastal communities and would lessen the
environmental impacts of wind farms.

9. Conclusion

The higher economic costs of offshore wind power relative to
onshore wind power could be justified if the ecological or social
costs of offshore wind were significantly different from onshore
wind power, but this seems not to be the case. Both on and offshore

wind power face local opposition due to user conflicts. The
ecological impacts of offshore wind power affect a very different
ecosystem than onshore wind power and, as a result, their
ecological impacts are not directly comparable. However, like
onshore wind, it is clear that offshore wind power does have
ecological impacts with the potential for population level effects.

Decreasing commodity costs or legislation capping greenhouse
gas emissions could increase the profitability of offshore wind but
would not change the fact that onshore wind will be a less expensive
alternative, even when transmission costs are included. Until land
use conflicts in high-wind onshore sites become severe, or the
technology develops so that the higher offshore winds balance the
higher costs of installation, there seems to be little incentive for
a large offshore wind industry in the U.S. In sum, we do not envision
offshore wind producing a significant portion of the U.S. electricity
production until at least 2020.

It is much more difficult to analyze the ecological and economic
costs and benefits of offshore wind power relative to fossil-fueled
power. Including a premium on coal-fired power of $25/MW h to
offset emissions may make coal and offshore wind power nearly
price competitive, depending on the specific capital costs of
offshore wind. This $25/MWh premium would give coal and
offshore wind similar greenhouse gas emissions, however, coal
would still use more water than offshore wind and would be
associated with significant health effects. However, this would be
balanced against the ecological impacts of offshore wind in terms of
bird and bat mortality and marine mammal impacts. Thus, it is not
clear that offshore wind is preferable to coal-fired power, if the
emissions from the coal plant are offset.

Based on the analysis in this paper, it seems clear that the
economic and ecological costs of offshore wind power are site
specific. These costs can be mitigated with current technology and
detailed site selection. It therefore seems imprudent to conclude
that all offshore wind development is inferior to all onshore wind
development or fossil-fueled power. Instead, a more nuanced
approach which weighs the site specific costs and benefits of
offshore wind power is necessary. In some cases, offshore wind
power may be able to cheaply produce electricity with negligible
environmental impacts, however, in many more cases, offshore
wind power will be more expensive than its competitors, even
when the costs of carbon offsets are included.
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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 x 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 us
duration; Mghl and Andersen 1973, Teilmann ez 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
e 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.

1748-9326/12/045101+10$33.00

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.

© 2012 IOP Publishing Ltd Printed in the UK
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Figure 1. Study area with Nysted and Rgdsand 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 470000
British homes. This wind farm cover 100 km” 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 ef 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 (Rgdsand 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
Rgdsand), 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 Rgdsand 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
(Schonheiders 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 ws) 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~'). 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 us.
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 us and
sounds longer than 2550 us 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 8112
Noise filter — +
Scan limit 240 None
Minimum click length (us) 10 10
Switch angle 254 75

@ 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 wus 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 uPa.

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 ef 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 x;, 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 — N{x; > 0}
Y total

Total number of minutes

CPPM = Clicks per Porpoise Positive Minute
1

Nix, > 0} x;x"

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 x; 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 x;. 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.

e 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(u + 02/2)?
Daily frequency (CPPM) Angular—sin*1 (OVa)) Normal sin”(1)

Encounter duration Logarithmic—log(y) Normal exp(u + 02/2)?
Waiting time Logarithmic—log(y — 10) Normal exp(u + 02/2) + 10

4 The back-transformation of the logarithmic transformation can be found in e.g. McCullagh and

Nelder (1989), p 285.

e 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.

e 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:

Wijkl = area; + periodj + area; x periodj + monthy + area;

x monthy + periodj x monthy + area;
(D

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

xperiod; x monthy + podtype;.

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(I,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 er 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 x 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:

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

E[Impact, baseline]
E[Control, baseline]
X
E[Control, post-construction]

(@)

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.

Click PPM PPM

Fixed effects DFs F P DFs F P

Area 174.6  26.04 <0.0001 1127  101.05 <0.0001
Period 583.4 1.98 0.0901 5133 17.13  <0.0001
period x area 572.5 4.37 0.0016 5122 7.10  <0.0001
Month 11221 423  <0.0001 11325 15.38  <0.0001
Podtype 1165 8.67 0.0037 1208 30.62  <0.0001

Encounter duration Waiting time

Fixed effects DFs F P DFs F P

Area 128.1 296  0.0964 1659 5722 <0.0001
Period 538.8 312 0.0185 586.5 9.50 <0.0001
Period x area 529.1 1.30  0.2893 568 3.65 0.0055
Month 1137 124 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 x month x 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 x month, period x month and area x period x 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~! in February to
56 clicks min~! 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~' 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 BACT 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
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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—operationl  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
Operationl—operation3 127%  0.2215 55% 0.0596 88% 0.4400 151%  0.3224
Operationl—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 ef 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 20006,
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 (Rgdsand 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 Rgdbyhavn 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 Rgdsand 2 wind farm)
and is therefore less likely to be influenced by Rgdsand 2
than Nysted wind farm. The gradual return of the porpoises
to Nysted wind farm started before Rgdsand 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 Rgdsand 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 ((s), Scottish Oceans Insti-
tute, East Sands, University of St Andrews, St Andrews KY16 8LB, Scotland; JONAS
TEILMANN (15), Marine Mammal Research, Department of Bioscience, Aarhus University,
Frederiksborgvej 399, DK-4000 Roskilde, Denmark; LA1A ROJANO-DONATE ([5), 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 (]s), Sound and Behaviour Group, Institute of Biol-
ogy, University of Southern Denmark, Campusvej 55, DK-5230 Odense M, Denmark;
URrsura S1eBERT (=), 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 ez al.
2016) has sparked an interesting discussion that has been thoughtfully summarized
by Hoekendijk ez @/. (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 #/. (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 ez #/.’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 e /. (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.

Deployment Standard ~ Tag duration  No. of feeding ~ Buzzes

1D Sex date length (cm) (h) buzzes per hour
hpl6_316a d 11 Nov 2016 113 39.1 (39.5) 5,715 146
hpl3_102a d 12 Apr 2013 114 22.7(23.7) 3.405 162
hpl2_272a 9 28 Sep 2012 122 17.8 (21.9) 1,821 106
hpl3_170a d 19 Jun 2013 122 15.3(15.3) 1,222 60
hpl4_226b d 14 Aug 2014 126 19.8 (20) 3,234 153
hpl2_293a @ 19 Oct 2012 163 16.4 (17.7) 1,346 86
hpl5_116a 9 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 houtly 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 ez #/. 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 ¢z a/. 2003). These numbers are consistent with stomach
content analyses (Leopold 2015, Andreasen ¢ /. 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 ez /. 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 ez «/. 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 ez /.’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, bence, 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 ez #/. 1997, Chris-
tiansen ¢f /. 2005, Ross ¢ a/. 2016). While our tag data represent a brief period of
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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 ez «/. (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 () and the
following 15.5 h (n,) 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.

monitoring for each animal, stomach contents represent an even shorter interval of
foraging spanning a maximum of 5 h (Christiansen e «/. 2005, Ross ez al. 2016).
This rapid digestion process contributes to the scarcity of data from stranded animals,
which are often found with empty stomachs (Neimanis ez #/. 2004). Consequently,
most inferences about porpoise diet are based on stomachs from individuals bycaught
in fishing nets (but see, e.g., Andreasen ¢ /. 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 «/. 2005, Ross et a/. 2016), possibly as fast as within an hour for the
1-1.5 mm otolith of a 5 cm black goby (Gobius niger) (Harkonen 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 ¢ #/. 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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Finally, we wish to clarify two important misapprehensions of Hoekendijk ez a/.
(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 ez «/. (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.

LITERATURE CITED

Andreasen, H., S. D. Ross, U. Siebert, N. G. Andersen, K. Ronnenberg and A. Gilles. 2017.
Diet composition and food consumption rate of harbor porpoises (Phocoena phocoena) in
the western Baltic Sea. Marine Mammal Science. https://dx.doi.org/10.1111/mms
.12421.

Christiansen, J. S., A.-G. G. Moen, T. H. Hansen and K. T. Nilssen. 2005. Digestion of
capelin, Mallotus villosus (Muller), herring, Clupea harengus L., and polar cod, Boreogadus
saida (Lepechin), otoliths in a simulated seal stomach. ICES Journal of Marine Science
62:86-92.

Harkonen, T. 1986. Guide to the otoliths of the bony fishes of the northeast Atlantic. Danbiu
Aps, Hellerup, Denmark.

Hoekendijk, J., J. Spitz, A. Read, M. Leopold and M. Fontaine. 2018. Resilience of harbor
porpoises to anthropogenic disturbance: Must they really feed continuously? Marine
Mammal Science 34.

Kastelein, R. A., S. H. Nieuwstraten and M. W. A. Verstegen. 1997. Passage time of carmine
red dye through the digestive tract of harbour porpoises (Phocoena phocoena). Pages 265—
275 in A. ]J. Read, P. R. Wiepkema and P. E. Nachtigall, eds. The biology of the
harbour porpoise. De Spil Publishers, Woerden, The Netherlands.

Leopold, M. F. 2015. Eat or be eaten: Porpoise diet studies. Ph.D. thesis, Wageningen
University, Wageningen, The Netherlands. 239 pp. Available at https://www.wur.nl/en
/activity/Eat-and-be-eaten-porpoise-diet-studies-1.hem.

Lockyer, C., and C. Kinze. 2003. Status, ecology and life history of harbour porpoise (Phocoena
phocoena) in Danish waters. Pages 143—175 in T. Haug, G. Desportes, G. A. Vikingsson
and L. Witting, eds. Harbor porpoises in the North Atlantic. Volume 5. NAMMCO
Scientific Publications, Tromso, Norway.

Lockyer, C. H., G. Desportes, K. Hansen, S. Labberté and U. Siebert. 2003. Monitoring
growth and energy utilisation of the harbour porpoise (Phocvena phocoena) in human care.
NAMMCO Scientific Publications 5:107—120.




https://dx.doi.org/10.1111/mms.12421


https://dx.doi.org/10.1111/mms.12421


https://www.wur.nl/en/activity/Eat-and-be-eaten-porpoise-diet-studies-1.htm


https://www.wur.nl/en/activity/Eat-and-be-eaten-porpoise-diet-studies-1.htm





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

Neimanis, A. S., H. N. Koopman, A. J. Westgate, L. D. Murison and A. J. Read. 2004.
Entrapment of harbour porpoises (Phocoena phocoena) in herring weirs in the Bay of
Fundy, Canada. Journal of Cetacean Research and Management 6:7—17.

Ross, S. D., H. Andreasen and N. G. Andersen. 2016. An important step towards accurate
estimation of diet composition and consumption rates for the harbor porpoise (Phocoena
phocoena). Marine Mammal Science 32:1491-1500.

Sveegaard, S., H. Andreasen, K. N. Mouritsen, J. P. Jeppesen and J. Teilmann. 2012.
Correlation between the seasonal distribution of harbour porpoises and their prey in the
Sound, Baltic Sea. Marine Biology 159:1029-1037.

Wisniewska, D. M., M. Johnson, J. Teilmann, ez #/. 2016. Ultra-high foraging rates of harbor
porpoises make them vulnerable to anthropogenic disturbance. Current Biology
26:1441-1446.

Received: 15 September 2017
Accepted: 15 October 2017











Hornsea 3 papers requested from WDC/Wisniewska et al. 2018.pdf

Downloaded from http://rspb.royalsocietypublishing.org/ on February 15, 2018

PROCEEDINGS B

rsph.royalsocietypublishing.org

)

Research

updates

Cite this article: Wisniewska DM, Johnson M,
Teilmann J, Siebert U, Galatius A, Dietz R,
Madsen PT. 2018 High rates of vessel noise
disrupt foraging in wild harbour porpoises
(Phocoena phocoena). Proc. R. Soc. B 285:
20172314,
http://dx.doi.org/10.1098/rspb.2017.2314

Received: 18 October 2017
Accepted: 22 January 2018

Subject Category:
Ecology

Subject Areas:
behaviour, ecology, environmental science

Keywords:

anthropogenic disturbance, exposure rates,
behavioural response, fitness consequences,
foraging, DTAG

Author for correspondence:
Danuta Maria Wisniewska
email: danuta.wisniewska@bios.au.dk

Electronic supplementary material is available
online at https://dx.doi.org/10.6084/m9.
figshare.c.3991632.

THE ROYAL SOCIETY

PUBLISHING

High rates of vessel noise disrupt
foraging in wild harbour porpoises
(Phocoena phocoena)

Danuta Maria Wisniewska'3, Mark Johnson?, Jonas Teilmann',
Ursula Siebert>, Anders Galatius', Rune Dietz' and Peter Teglberg Madsen'?

lDepartment of Bioscience, and 2parhus Institute of Advanced Studies, Aarhus University, Aarhus, Denmark
3Hopkins Marine Station, Stanford University, Pacific Grove, CA, USA

“4Sea Mammal Research Unit, University of St Andrews, St Andrews, UK

Sinstitute for Terrestrial and Aquatic Wildlife Research, University of Veterinary Medicine Hannover,
Buesum, Germany

=/ DMW, 0000-0002-3599-7440; MJ, 0000-0001-8424-3197; JT, 0000-0002-4376-4700;
US, 0000-0002-2556-3948; AG, 0000-0003-1237-2066; RD, 0000-0001-9652-317X;
PTM, 0000-0002-5208-5259

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 pPa (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

© 2018 The Author(s) Published by the Royal Society. Al rights reserved.
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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 @ adult @ juvenile &' juvenile &' juvenile &' adult @ adult @
(with a calf) (with a calf)

standard length (cm) 12 R 114 w1 7 163

handling time (min) 15 3 55 35 7.5 12 10

recording duration (h) 209 177 B7 153 a7 3 19

time to first foraging buzz 41 14 1 0.1 0.2 0.6 0.2

(h)

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 (hpl5_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 wPa (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 Ly
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 (hpl2_272a), only
low-level vessel noise was recorded, the remaining animals
experienced occasional high TOLs associated with vessel
passes (maximum 1min 16 kHz TOLs of 102-118dB re
1 pPa 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 TOL,, 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 TOL,o 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 coumt L o SO S - S - S
number of minutes analysed 897 907 1160 306 690 700 493
buzz-positive minutes 35_2‘ (39.2%‘) 532 (5_8.7%) - ,565 (48.7%) - 217 (7_0.9%) N 5_23 (75.8_%)‘ - ‘402_ (57.4%) v 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 (747%) 441 (95.0%) 103 (88.8%) 140 (34.9%) 98 (434%) 66 (55.0%)

vessel noise exposure rate (%) v .37 . 70 89 17 18 89 66
vessel noise exposure rate-day/ 5117 55/81 88/92 3/87 22/10 88/93 77/45
night (%)
(0) POTpOiSE behaviour during high_|eve| exposures 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

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
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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), (i) 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. TOL;. VET gives per
cent of audible vessel exposure time. (h) Distributions of 1 min TOL;, noise levels within the three categories with all individuals pooled.

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 0.5s 16 kHz TOL
increased to 100 dB re 1 wPa, 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_226Db), 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 0.5s 16 kHz TOL of 107 dB re
1 pPa 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
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.

series of permutation tests, which compared the buzz count majority of activity-related flow noise in the 16 kHz third
and total buzz duration in minutes with high- and low-level octave band was below 90 dB re 1 wPa (figure 2; electronic
noise. This requires defining a threshold to separate high- supplementary material, table S2), making 96 dB the lowest

and low-noise intervals. When averaged over 1 min, the vast 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 wPa 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 pPa for three animals and at 102 dB re 1 pPa 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 pPa (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, n

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 [22,4243],
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 pPa 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 5cm 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 x 17 x 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 uPa
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 = 512, 75%
overlap) computed over consecutive 5 s segments of the data. A
corresponding dive profile was displayed in the same plot (for
MAaTLAB 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 0.5s 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 s 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 L 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 0.5-30s) 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 2m 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 | 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 s *. 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 10* replications.
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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

' KEY WOQRDS: Ph
Porpoise deteciors -

Phoroena phocoena -
Construction noise -

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-

*Email: m;brandt®@bioconsul-sh,de

Resale or republication not permiited witlioul writleri corisent of the publisher

_Offshor_e‘. windfarm - Acoustic monitoring - Behaviour :
Marine mammals -

Acoustic activity

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),

© Inter-Research 2011 www.intires.com
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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
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.
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2 T j
@ i _
L 170 i e :
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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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ABSTRACT: Offshore wind Tarming 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 porpoisés Phocoend phocoena by means of acoustic porpcuse detectors
(T-PODs) monitoring porpoise echolocation. -activity. The: monitoring program was established as a
modified BACI (before, after, contral, impact) design, with 6 mehitoring stations’ equa]ly distributed
between the impact area and a nearby reference area, Mean waiting times, defined as the period
between 2 consecutive encounters of echolocation acllwty increased from 6.h in the baseline peériod
16 3 d in the wind farm area during the canstruction. This increase was 6 times-lafger than changes
observed in the reference area, One: specific construction d.Cth!.tY. involving. ihe ramming and
vibration of steel sheet piles into the seabed, was associated with an additional significant increase in
wailing time of 4 to 41 h, in both the construction and reference areas. Assuming that etholocation
activity is related to harbour porpoisé density, the analysis sliows that their habitat-use chianged
substanlially, 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 ecliclocating cetageans,

KEY WORDS: Acousti¢c monitoring - BACI design - Echolocation - Environmental impact - Assess-
menl - Harbour parpeise » Offshore wind farm - Porpmse detector : T-POD
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INTRODUCTION

Offshore wind power is.a rapidly expanding industry
in Nerthern Europe, where several large offshore wind
farms are under comsiruction 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 marilie 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 largést offshore

wind farms today consist of up to 80 wind turhines

covering sorte 20 Lo 30 km? Foundations are either
steel monopiles. driven inte the seabed with large pile

*Email: jac@dru.dk

-drjvjers,_._o_r concrete gravitational toundations placed
.on pebble cushion layers. The major disturbances to

marine. mammals arising Irom the construction are
noise from ramuning and other building achvmes,
boats and harges, whirled-up.bottom- sedlmenls, and
destruction of bottom flora and fauna. Hitherto, the
impacts of offshore construclion work on harbour por-
poises or other small detaceans have not been studiéd

in detail, Given the extensive plans for expanding the

offshore wind energy sectoz, itis important to know thie
effect of singlé wind farms as well-as the cumilative

effect of several wind farms within the range of each

marine mammal population.
In 2002 and 2003, the Nysted Offsheore Wind Farm
wag constructed in a-coastal shallow area (between G

© Inter-Research 2006 - www.int-res,.com
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Tig: 1, Nysled Offshore Wind Farm in the western part of the Baltic Sea, "The 72 wind turbines (x) are placed in a 8 x 9 grid,

.I'ounrlatlon A8 [southwestern corner}, where the qedlments were stabilised with slesl 5heet piles, is located in'the southwestern

‘vorner of the wind fatm, (c) Posttions ol IEUI]ZIDI‘SL. detector (T-POD} deploymentq (Imp W; E, N = 3 stafiohs examined in impact
ares, Ref. N, M, S = 3 slalions in reference area), Depth contours {m) are shown

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 deposilions made of sand/silt ‘with
scattered stones. The water is brackish, and salinity
varies with the surlace outfldw [rém the Baltic Séa and
mofie sdline water intrusion from the North Sea

through the Kallegat and the Belt Sea, Tidal amplitude

is lesg’than 0.5 m but sirong winds may chahge watér

dépth by an-additional tio 2 m. In .4 8 x 9 grid covering.

a lotal of ca. 24 km® 72 wiitd furbines (2.2" MW each)

with concrete’ gravilglional foundations placed on

pehble cushion layers, were constructed {Fig. 1).
The cnly-dedicated surveys for harbour porpoises-in
the western Baltic area were carried oul during the

summers of 1991, 1992, and 1994 about 30 km wast

of the wind farm area;, where an average densily of

0.10 porpoises km™ was found {Heide- Jargensen el

al. 1_9_92, 1893, Hammond el al. 20.02_}, Hence, the wind
[arm area is located between a relatively. high density

area including the Katlegal and the Great Belt.
(0.73 porpoises km™, Hammond et al. 2002) and Llhe

low ‘density Bailtic Proper with <0.01 porpoises km™
_[Kost:hirisk'j'-2002}. ‘In fact, the highest density of har-
‘bour porpoises (4.9 porpoises km™) for Europe was

raporied in a smali-scale study in the Belt Sea localed.

&hout 100 km fiom the wind farm area (Teilmann
“2003]. Harbour porpoises were regularly seen through-
‘out the yedr during derial bird surveys condugted. i

the wind Iarm area before the construction worl
started {Bach et al, 2000). Satellite tracking of 52 har-
bour porpoises in the inner inish waters dufing 1997
te 2002 has shown that the wind farm region is regu-
larly visited for shorl periods at'a time, but that thenor-
mal harbour perpoise home ranges are several orders
of magnilude larger than |he witd farm area (Teil-
mann et al, 2004}, The harbour porpoises in the wast-
‘ern part of the Ballic Sea dre miosl probably part.of a
gieater population including the Belt ‘Sea and the
Katlegal (Teilmann &l al. 2004).

Harhour porpeise monitoring has traditionally bean
‘carnied out by means of shipboard surveysto calculate
area--and limé-specific densilies. Because of the few
visual observations during pilot surveys in the area, it
was argued that the statistical power of this method
would be Tow:(Bach et al. 2000}, Insiead, we have em~
ployed a novel device, lhe T-POD (The POrpoise De-
teclor) a self-contained: acaustic data logger {Thomsen
et al, 2005), which monitors the harbour porpoise echo-
jocation aclivity -continuously &t fixed positions. The
T-POI} was chosen for this impact study, assuming that
echolocationi activity was related to harbour porpoise
‘density, as suggested by the study of Koschinski &t
al. {2003), because it provided a wealtk of data at a
reasoniable cost.

The objective of the present study was to-asséds and.
document the impéct 6f the construction of the Nysted'
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Offshore Wind Farm on harbour porpeise density by
describing (1) ¢hanges in harbour porpoise echoloca-
tion activity relatéd to the whoele construction period

(medium:term response); and (2} changes in harbour.

porpoise echolocation activity related io steel sheet
pile driving/vibration at a single wind turbine founda-
tion (short-term response), Long-term resporises to the
operation of the wind farm will be mvestlgated 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 intc operation an 1 December 2003, Main.

activities. mclude_:cl_ excavation for, positioning and bal-
last-filling of concrele foundations. (June 2002 to June
2003), mounting of wind turbines (May to July 2003],
and digging, laying and covering of the connecting
powef-grid (August 200210 November 2003), Around
1 of the 72 foundaiions (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: Thisactivity occurredintermittently,

with either the vibrator-or the pile driver in continuous-
operation for periods of 1.5 to 10 h for atotal of 25 d-

-fromi 26 Augqust-to 20- Novamber 2002. The start and
énding of the tTamiming/vibration activity was fecofded
exactly to the minute. Acoustic harassment devices
{harbour porpoise pingér and seal scarer) ‘weére ei-

ployed near (<200 m) this foundation from 30 min be-

foré and up to the end of the ramming/vibralion ac-
tivity. Ambient noise levels from construction activities
and harassment devices were not measured, Prelinii-
nary-‘aclivilies in the impacl area up 1o-1 Nily 2002
were considered negligible and at least not substans
tially different from the normal boaling activity,
whereas construction aclivities from July 2002 fo No-
vember 2003 ‘were hypothesised fo have a potential
impact on harbour porpoises ‘Phocoena FPhocoena.
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 porpbise écholoeation spectrum
dre logged and can be retrieved from the T-POD lo a
PC' during Thaintenance visits. A software program
accompanies the T-POD with an algorithm for de-
tecting the characteristic harbour porpoise click-trains,
-while 'i'.emovmg' noise iromi boedt sonars or other short
duration click-liké sounds having thé same spectral
properlies a5 echolocation dicks {see www.chelonia,
demon.co.uk for more details). It has a spatial cover-

.age up to a radial distance of 170 m {Kosc}unskl el
-al. 2003).

The porpoise echolocation activily was monitored by
deploying T-PODs at 3 positions within the wind farm.
impact atea (Imp, W, N, Bj and at 3 positions in a re-
ference area. 10 km east.of the wind farin {Ref, N; M, S;
Fig. 1). No.prior. information existed on the specific
porpoise. densities in. the impact and reference areas,

and ihe reference area was chosen to -reﬂ_ec_t stinilar

hathymetry, bottom features and. distance from shore
as the impact area. In the impact area, the T-PODs
were deployed in a trangle 1.9 km apart lo cover
the central part of the wind farm area, whereas the
reference area was chosen as a N-S fransect, w1th
1.9 km between deployments to avoid mterference
thh shipping lanes (Flg 1). Dlstances 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, 154

-and 15.7 km to Ref, N, Miand §, respectlvely

‘The T-PODs were moored with a concrete block and
a small anchor for easy recovéry and mainienance ol
the device (Fig. 2); they were retrieved, the baiteries
changed (6 x 3.6V lithium D-cell batteries} and the
data saved on a laptep approximately every 60 d.
Technical problems resulted in-some data loss {gaps in
the time ‘series), but T-PODs weré in operation both
before and dwring constructiont at all 6 positions: The
"T-POD daté: used'in this study ‘was separated-into 2-dis-
tinet periods: a baseline period. November 2001 to
Juné 2002) -and a construcfion period (July 2002 to
November 2003} that inchided the .constraction activi-
ties that could potentially affect the harbour pérpoises
in the ared. Some T-PODs. were lost and replaced with
new ones at 3 positions (1 in the impact aréa 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 io avoid con-

T-POD

< ~20m> c—Sm:-.

100 kg concrete block 10 kg arichoy

Fig. 2. T-PODs deployment. Anchor and buoy are connected

to concrete block with 12 mm stainless-steel strengthened

ropes. In shallow and calm walers T-POD can beretrieved by

hand, should the small floal be losty the T-POD must be
' retrieved by diver or with-a trane



208 Mar Ecol Prog Ser-321; 295-308, 2006

founding instrument variation with temporal shift {from
baséline lo copstruction, and forlunalely, -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 ransducers and equivdlentconfigu-
ration, Fer each T-POD, all 6 channels/scans were set to
the iderilical defaull values for harbour porpoises:
[1} Filter A = 130 kIz; (2) Filter B = 90 kHz; [3] ratio = 5;
{4) Q-value for Filler A= 3; (5) Q-value for Filter B = 18;
(6) sensitivity threshold = 0; (7) maximum number of
clicks = 240 clicks 9 s™1; (8) minimuny click duration =
10 pis, After relrieving the data from the T-PQODs, harbour
porpoise click-trains were identified using the ‘low
probabilily célacean-train’ alggrithim of the T-POD soft-
ware, and the numnber of clicks nin™ was exported for
subseqguent-data analysis (www.chelonia, demon.co.uk).

Statistical analysis. Potpoisé click-trains were fre-
(jnently observaed as short distinct periods ol high echo-
location activity separated by lenger periods wilh no ac-
tivity (silent period). The exported timé series of clicks
per minute were tonveried inlo ‘porpeise encoinlers',
defined as a series of harbour-porpoise clicks of any
Iength when silent periods <10 miin, a value chosen from
exam_matlon of time series plots of data. Click series sep-
araled by silent perieds of >10 min were consequantly
defined as 2 separate encounters; The period beiween
harbour poIpoise encounters was denol_iad ‘waiting time’
and used as a proxy indicator for harhour porpoise den-
sity in the statistical analysis. It should be stressed that
because of differences in deployments at Lhe slalions
and loss of T-PODs the data available for the statistical
analysis was halanced in néither space nor time,

Waiting times were analysed according to.a madified
BACI design {Green 1979 that included siation-spe-
cdifie, T-POD specific, and seasonal variation. The BACI
{before, after, control, impact) design can be viewed as
a variarnl of the splii-plot, design, since the 2 levels of
the treatment. (baseling versus construction) were tiot
ohserved simullaneously. In the present design, the
month of the observation was included as an- additional
blocklng factor (split-split-plot design) 1o account for
seasonal variafion, snch that waiting times were com-
pared over the same months in progressive years. This
i5 va’l_id-. because there was replication' of months
within the 2 yr monitoring period. The model for the
walting times (Y}), after subiracting 10 inin and log-
transformalion, was:

Yﬂw,,,m =p+R + pJ +RP, j + My + RMy + PM + RPM . +a, + RA, + paj; +RPA

where p is the overall miean, 2 = area has 2 leyels (con-
trol, impact), p = period has 2 levels (baseline, con-
struction), m = month has 11 levels (February lo
December), S = stalion has'6 levels (Imp, N, W and E;
Ref, N, M and S}, and T = T-POD has 9 levels {T-POD
identification number= %, 14,17, 43, 47, 48, 56, 67, 71).
There were 18 differenl plols, dencted by R = plot
in Eq. (1), where sampling was random within area,
stalion and T-POD. Subseript letlers in Bq, (1) are
indices for different levels of lhe effects in the model.
The mode! in. Eq. (1) has 4 fixed effects. {indicated by
lowercase letiers), where ‘area’ describes (he spalial
varialion befween control and impact area, ‘month’
describes lhe seasonal variation by meéans of monthly
values and "period” describes the stepwise change at
the vnsel of the construction work, whereas 'area X
period’ deéscribes a difference in the stepwise charige
hétween thé 2 aréas. The random effects of the model
findicaied by uppercase leiters) were. ‘'station(area)’

describing the station-specific variation nested. within
the 2 areas, "tpod(area staliph)’ describing the T-POD
specific variation within the 3 stations where the-equip-
menl was replaced dur_i'rlg consiruction, 'plot' describ-
ing lhe variation between months of moniloring, and
24 inleraclions, The significance of the random effects
was tested and insignificant random effects were
pooled with’ the residual. variation.

The interactien area x period, also referr ed to as the-
BACT effect, therefore described a stepwise change
in the impact area different from that in lhe reference
area. Marginal means for the different factors of the
model were.calculated and back-transformed to mean
vildes 6n the original scale using the momenlt's trans-
formations of the log-iransform (p..285 in McCullagh &
Nelder 1989} and adding the 10 min threshold. The
BACT eflect, having 1 nunierator degree of fresdon,
was alsq calculated explicitly as a contrast of the’
marginal means {or the 4 combinations of .area and
period, and

E [Tmp.,.ctinsts:]
E [imp.,basel.}

F [Ref:, basel.]
E[Ref., constr.] ()

uxp{BAC‘I contrast) =

where .E{] denotesthe expectation values. Thus, the,
expon(’ntlal of the contrast described the relative
change from the baseline to the constructien period in
the impact area relative to the reference area.

The model in Eq. (1) can be formulated within the
framework of ge'ner'a'l'. linear, mixed models
+ Ay, + RMA,, + PMA jo. T RPMA

ift

wImJL-plul 5p1i1-n[ut

+ Smm +RS

it

aplit-splil-p!nuurcal

17 P oty + RPS iy + MS pragy+ RMS0y+ PMS iy  REMS o

split-spit- S!ol{amiqn}

'+Tuwn'] + RTJ‘:I{ImJ + ‘E"Tarl fiit) + Rm;nlixrr} + MTJm[!ml ""RMTM:[fml + PMT Hert(fmi) + RPMT;JLn{Imj + Emy.rmn;

hpilbhulll-piot[i-.nwl
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Y=Xp+Zuse _ (3

mat_nx for the fixed efi_ects. ]3 is the vectorof param_eters'

for the fixed effects; Z i§ the :design matrix for the

raridom effects, u'is the vector of randem effeects with’

covariance matrix G, and e is the vector of the residuals
with the covariance matrix R, The temporal variatien in
wailing limes was assumed to follow an overall, fixed,
seascnal pattern described by monthly means, but flue-
tuations in the harhour porpoise density in the region

on a shortertime scale may potentially give rise to serial
correlations in the ohservalions. For example, if a short

wa_itin_g lime 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
struclure for- the residuals (R # ¢?I) by means of an

ARMA(1, 1)-process (Chatfield 1984) subject to waiting
times observed within separate deploymients, i.e, com-
. plete independence was assumed across gaps in the
time series. Thus, this model included ai exténsion to
the general linear theory (é.g. McCullagh & Nelder

1989) by mixing fixed and ranhdom effects (McCulloch.

& Searle 2001).

Ii: the BACI design, the oveérall sedsonal variation
was assumed 1o be identical for the 2 areas, since
they ‘were located zelatively close 1o each other anid

with ‘similar bioltom and dépth properties: This basic:

assumption was mvesugated with the fo]luwmg mnodel
employed on baseline data only:

Yx(kfm; =i+ 3+ may 50 FMSmot o (@)

where the first 2 factors of the model have the same-

interpretation.as in Eq. (1), and the inteidclion area x
month déscribes systematic differences in the'seasonal
variation of the 2 areas; 2 random effedts, station{area)
.and station(areayxmonth, were also inclnded. 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 bageline data and therefore tHis
analy51s was carried out using a factorial block deszgn

If the interaction area x month in Eq, [4] is significant, )

temporal variations in harbour porpoise densily. may
not be comparable for the 2 ‘areas, jeopardising the

BACI design. Therefore, we examined the conse-.

gquences for the inleractioni darea x month hy elimindt-
ing data from individual stations separately. The
ARMA(1,1) covariance struclure 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
factars area. and stationfarea) were a combination of
spatial variation and T-PQOD-specific sensitivity, How-

ever, the interaction {area X period) rémained unaf-

fected by this, because the T-PODs were not inter-

changed between stations during the study period.and
consequently the testing ‘for & potential effect of the
consiruction work in the impact area was not-biased
by-differences in T-POD sensitivity. The Hiérarchical

‘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 reguire additional
substantial effort, with a risk of the T-POD-specific

“varialion being parfly or even lotally confounded with

the BAC] effect (area x period).

To investigaie the short-term effect of ramming/
vibration actnaly in the period from 25 August ta
20 November 2002, the first and second encounter

after this specific c_or_lst_ructlon activity had ceased were

identifiéd, and the corresponding waiting times prior
to these encounters were analysed to investigate if
waiting: times (first and second. separately) following
ramming/vibration achvlty were ‘different; For each -
station, the distribution of first waiting times was coms-
pared to the distribution of alt other observations dur-
ing this: specific period, -and similarly, the distribution
of second Waiting times was compared to the distribu-
Hion of all-observations éxcept first and secord waiting

times. For this analysis, the correlation. paramieters of
thé ARMA(L, 1¥process in the Covariande striicture R
-were not eéslimated, but gét to the valies-obtained from

analysing all data according to Eq. (1), sineé the numi-
ber of bbservations:-in this specific period was limited.
In order to-a¢count for differenl magnitudes of varia-
tion between first, second and otherwaitirig times, dif-
ferent variance pardmeters in'R for these 3 categories
were estimated, but the correlation parameters be-
tween observationsin ime were fixed. _

The stalistical analyses were cdarried oul within the

framework of mixed linear models (Littell et al. 1996,

McCulloch & Searle:2001) by means. of PROC MIXED

in the: S8AS system. Statistical testing. for fixed effects

[F«test with Satterthwalte approximation for denomi-

nalor degrees of freedorn) and random effecls (Wald. Z ¥

were carried outata 5% significance level [thtel_l et al.
1996). The F-lest for fixed effects was partial, Le. con-
sideting the specific contribution of the given effect in
addition 1o all ottier factors. '

RESULTS

‘The 8 T-PODs used in this study were.deployed at
the 6 stalions for 4 lotal 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 Himes were recorded at thé
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Table 1. Ldgging perdod showing number of days.deployed, numbaer of observalions (1) and average wakting time for deployed.
T-PODs. Pariods listed were combined of several deployments including long periods without data

Stn T-POLY Logging period Days ——— Baseling —— - - Construction -~
no, {d/motyr) deployed n Avg. {min} n Avg. (min)
Impact area o _ ) )
Imp. N T-PODAT 8/4/3002 ~ 8/10/2003. 216 173 320 129 1707
dmp, W T-PQDS6 14/11/2004 — 30/11/2003 402 509 233 319 1363
Imp. E. T-POD6G7 B/4/2002 - 8/_8_!2002 ) 123 545 215 117 465
T-POD1 5/2/2003 - 30/11/2003 222 66 4353
Overall : 963 1227 237 631 1580
Reference area’
Ref. N T-POD14 BI5/2002 - 23£9/2002 126- 138 599 127 709
T-PORLT7 327872003 - 1/9/200% 21 3 7827
Ref. M. T-POD43 8/4/2002 — 30/11/2003 345 221 406 807 485,
Ref. § T-PODAE 47472002 ~ 5/4/2003. 117 141 311 101 1117
T-POD? 771072003 ~30/11/2003 45 308 198
Overall 654 500 433 1346 504

6 stations wilh an almost equal number of observations
before (n = 172%) and during {0 = 1977} construction,
although the T-PODs were deployed for considerably
longer periods during the: construclion. The average
waiting time-incredsed at:all stations.from the baseline
1o the construction period, bhut the increase was con-
siderably larger in the impact area {Table 1) The
monitoring stations were nol in continuous operation
througheut the entire study period, but lhe time series.
from. [he differenl stalions were overlapping to com-
prise combined time serfes for both the reference and
the impact area spanning both the baseline end the
constiuclion pefiods. Consequently, data from (he dil-
ferent stations were compared through the assumption
of a comnion sedsonal pailérn, '

' The change in harbour porpoise echiolocation activi-
ty in thie impact area was also visible from timé: series.
plots (Fig. 3}, whereby the chserved waiting fimes
never exceeded 2 d in the baseline period, bul
numerols encounters were separated hy more han.
1 wk [~180080 min) during lhe cop-
_s_tructi_t')n-p'erio_d. In fact, at Stn [mp. W,
‘ne harbour, porpoise dick-train was
recorded over a -3_8' d -period from
25 February to 4 April 2003, Wailing
times were generally longer in the

not common to both the centrol and impadct aréa. The
significance of area % monili in Eq. {4} was potentially
due 6 daia from 1 of 3 stations (Imp. E, Ref. N, or
Reéf, 5), but excluding data from Rel. N yielded the
most similar-seasenal means Tor the 2 ._aréas.(h_ighl_as'l.
p-value} and the lsast residual variation (Table 2).
Thus, the assumption of common temporal variations
in harbour porpoise echolocation activity ihr(_)_u_gh_qu_t
the invesligated area was not compromised, provided
‘that data from Ref. N were excluded from the baseline
data analysis. Removing the leasi significant laclor,
area x month, from the model [Eq. 4) of the baseline
dala after excluding Sin Ref. N showed a significant
seasonal variation (Fj 4, = 11,60; p<0.0001}, but no
significant variation betweéen the reference and impact
areas (Fy ,q7 = 2.00;-p = 0.2531). None of the fandém
effects were significant (64 unngaroy = 0.1065; Z= 0.97;
D = 0.1657 and 6%uutionren x inontn = 0) @nd they were
nmiuch smaller-than the residual variation. {o? = 2.2789
Z=126.45; p <0.0001},

Table 2, Phocvena phoceend. Analysis of area-specific moithly means. for
walting times according to Eq. {4), using baseline data only, for.all stations and
excluding {excl.] individual stations. Statistics for factor area’x month are:shown.
only, Deénominalor degrees of Ireedom (Den-df) computed by Satierthwaite's

approximation (Littell et al. 1996]

winiter period and shorter in the sum-
mer period, during both the baseline Data '{Jf.‘"i-d Y X(;f“onm Stifj-gticsm “““““““ o Residual
-and consiruction periods (Pig. 3). The Hrmoce en e ) P vanance
replacement qf T-POT)s at 3 slations All stations p) 65,0 3,88 0.0257 2.3556
did nol introduce any clearly vidible ixcl Imp. N 2 55.49 3:82 0.02749 2,30688
systematic shilt in the wailing time Cxcl. lmp, W 2 47.1 3.57 0359 2.3542
levels (Fig. 3} Excl. Imp. EY 2 39.9 2.63 0.0843 2.4011
e e . Gxel. Ref.N 2 6.0 2.11 0.1294 2,2757
Inivestigating the spatial and tempo- Excl. Ref. M 2 36,7 401 00128 23945
ral varialions of the walting limmes Lxcl. Ref. S 2 659 2.67 0.0765 2.3359
usmg basehn?"data on IY r?.\-'e.i:.i]@d t‘_h_at *This model was run without'stationlarea}x month to ebtain convergence
the area-specific monthly imeans were i
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BACI analysis

Except for 3 random (although naot - s:gmﬁcant] ef-
fects, the miajority of the random effect variances for
thé full model in Eq. (1} were zero, After pooling tl_mse
effects with zero variancée coritribution with the resi-
dual variation, the 3 variance-contributhig ran-
dom effects were still insignificant (Table 3),
and consequently, all random effects were
pocled with the residual variation.

The fixed factors in thé BACI analysis

came longer during the construction in both refererice
and impagt aieas, the increase in the impact afea was
more than & times larger (BACI contrast of -1.8005)
than in the reference area, In the baseline peried, har-
bour porpoise encounters were more frequent in the
impact area, but after construclioni began, the refer-

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

have bieen pooled with residial variation

.[Eq. 1) were a.ll mg.n_lf.n:apf {'I.*a'b.le 4) .]n the Variance Estimate St Wald's »
r_.efer_ence area, the wailting times almost contributifig effect Z-test

doubled from the baseline to the construction

period {from about'd fo 20 h), whereas wait- Period » Month (PM;)  0.7109 0.8105 088 __ﬂ_._‘,{__Q_DZ _
i times. in the im ct area increased by Plot x Ared (RA 0.11286 '0.1095 1.12 {1.1313
ng than 1 ord ! fpa hde L }; Plotx Station (RSyg) 00729 00562 1,30  0.0974
more than 1 order. of magnitude (from abou Residuals 26208 00707 374G <0.0001
5,5 hto 3 d). Although the waiting times be- :
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Table 4, Pliocoena phocoena, BAC] analysts of waiting times
{3436 observations) belween porpoise encounters at Nysted

Offshofe Wind Farm. Data from Sth Ref, N were not included

in analysis. Tests for fixed effects are shown ahove: marginal
meahs, calculaléd from parameter estimates and back-trans-
formed to original scale, are showi bélow

Faclor. <f Den df F »
Area 1 36.1 717 0.0131
Month 14. 107 - 7.08 <0.0001
Perind 1 B8.5 36:08 <0.0001
Aren x Period 1 41.5 35.12 <{.0001
BACI marginal means
Reference Impact Overall

Baseline 542 mirn;: 337 min 427 min,
Construction 213 min’ 4483 min 2329 min
-Overall 810 min 1219 min

ence area had the highest. (although telatively Jow)
echolocation activity,

The seasonal vatiation used to compare watling
timies across differences in the deployments had a pro-
nounced pattein (Fig. 4), will long wditing times in
Fehruary and March {means >1 d for both dreas and
periods combined) and shorter waiting times'in July to
November (me¢ans between 1.8 and 5:8h for both areas
and periods combined), There were no.dala for Ja-
nuary, and the marginal means oblained from Eg. (1)
therefore expressed the expectation value for 11 mo
only, Long wailing times in February and March com-
bined with relatively fewer deployments resulled in
less ‘than 20 observations in total for each of these
2 months, and consequehﬂy the monthly miean esli-
‘mates were more uncertain, There were also few obé
servalions from July in the reference ared because of
the short deployment lime,

1000007
100004

10004 -

Waiting time: (min)

100

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Déc

Fig. 4. Phocoena phoceena. Montbly mean (x 05% CL.]'mnr»

ginal distribution f waiting limes after bagk-transformiation..

Variations attribulable to other mgml‘lcant factors-in Eq. (1)

: have been accounted for by caleulating marginal means. Note

logarithmit stale

The area- and peériod-specific iarginal means
should bé inteipreled as the ‘expected waiting time
over 11 imo {ex¢luding January) in bolh the baseline
and construction periods, and lhe monthly margmal
means: shma]d be interpreled as the preclod wailing
time in both areas combinad. anlly the BACI mar-
ginal means {Table 4} should be inlerpreted as the
expected waiting lime over 11 mo {excluding January)
for the 4 combmatmn__s of area % petiod. The marginal
means of the model were generally higher than the
average values (Table 1) because there were consider-
ably more cbservations during the stmmer period,
with shorfer waiting times, '

‘Waiting times after ramming/vibration activity -

In thé period wilh ramraing activity, 5 oul of the
6 T-PODs were logging harbour porpoise echolocalion
activity from 25 August to 1-2.0'ct_o'h_er. and 8.7 t0.20:8%
of the observations were ideéntified as first and second
walling imes for these. stations. Firsl walllng llm(.h'
maasured the. penod elapsed between the first mea-
sured clicking bout aller a ramnung/wbmtmn aclivity
session and the last measured bout, and lhus included
some lime from both before and during the session as
well as immediately afier. First wailing times were
rolatlve]y high at all stations in both the impact and
reference -areas, whereas lhe second waiting times
were on average level (Fig. 5). All 5 stations had a sig-
nilicantly higher first.wailing time (Table 5}, whereas.
the second wailing time after ramming/vibration activ-
ity was noi different from the overall wailing time
betwéen encounters at any of lhe slations during- this-
specific period.(Table 6).

Waiting times for the first encounlér afler ramming
activity had ceased increascd significantly at ll sta-

tions by-factors of 9.0 for ImpN, 139 for Imp'W, 9.0 for.

Ref. N, 3.5 for Ref. M, and 6.1 lor Ref. S (Table 3). The
first, 'waiting time in the impact area was lypically

_35‘ 10-50 h (means for the 2 stations) compared to the

‘normal’ level of 20 and 10 h Ier Imp. N and W, re-
spectvely {Tahle 5} In the referénce ar¢a, mean wail~
ing times {excludmg firsl waltmg time cbservalions)

-:_11_1cr_eas_e_d from 17, ¥, and 6 h to 30, 11 and 19 h for the

firsl encounter after ramming activity for Ref. N; Mand

8, respectively. The increase in the waiting time was

Jonger Lhan the average duration of ramming/vibration
activity {5.5 h), in¢luding the -deployfmenl ¢l harass-

mént devices, for all stations excepi Ref. M. The Jargesl

increase was obsérved al Stn Imp. W, the. station
closest lo:lhe site of tamming/vibralion, where the first
wailing times were 41 h longer than other wailing.
times in this specific period of ramming/viliralion

“aclivily. The analysis of {irsl and second waiting times
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Table 5. Phocogna phocoena. First wailing (ines {minj affer ramming/vibration
-activity bad céased versus second and olher waiting limes (min) Trom 25 August,
to 12 October 200Z. Distributions of log-transformed dila were back-lransformex!
into. median and mean waiting times by exponential function and mement

transformation, fespectively

times hecause of lhe limited number
of observalions. The covariance slrue-
ture obtained from the BACT analysis
_(Eq. 1) implied that consecutive wait-
ing limes were positively coffelated

S —-— Log-transformed waiﬁng time-—--  “Wailing tima _(Ia}g 1 = 9'1'8?'0 gr?d laq 2 - :0'1?20_}'_
Waiting ime  n  Mean, Variance = £ P Metlian ~ Mean with a residual variarnce of 2.79 for the
- ‘transformed wailing times, which was.
lmp. N o o o _ simildr lo lhé correlalions pbtained in
1st 15 7.44 0.43 F2.08 <0.0001 1708 2121 . Tacic AfF Taeali P B
j ' T X the analysis .of baseline data only
& A .24, 3.6 B9 1164 o . . .
End_foth_er 57 3.24 3.63 18 16 (Eq. 4 wilhout area x month) (lag 1 =
lmp, W _ 01330 and lag 2 = (.1070), with a
1si 13 740 1.25 5298 «0.0007 1641 3062 ot ] i et i .
: o . § o ” . residual variance of 2.28. Howeaver,
2nd +4 other. 85 A7 3.24 128 604 j B . o
nd+ other the residual variances of the firsl wait-
o 16 7400 015 5508 <0.0001 1647 1771 ing limes wore considerably lower
orid +othier 47 521 3.41 193 1017 (0.15 t0-1.25), whereas lhe variances.
of the second and olther wailing limes
Rffi.M o6 561 Q12 4728 <0.0001 57 s had magnitudes ranging from 2.51 to
s s v Lab i 5 P . . ‘_. ey
2nd + other 210 466 270 116 420 3.61 {Iab?{e 5). These differences had
_ ' o repercussions for the mean Dback-
-Rff;.s o i 146 2054 6.0007 639 1123 transform using the moment transfor-
ond +uther 81 463  2.51 13 a7 mation that _mcluded a r_:nntnbuhon
: from the variance -of the transformed

Table 6. Phocoéna phocoend. Segond waiting times {miin) after ramming/vibra-
tion activity had ceased versus oiher wailing tifnes {min) froni 25 August to
12.Qctober 2002. Distributions. of log-fransformed. date were bacl-transformed
into miedian and mean waitihg Hmes by exponential {furiction and moment

transformation, respectively

variable (Tables 5 & 6). This was mhosl.
pronounced for Imp. N, where ‘mean
levels were almiost comparable al-
though the medians. différed by 1
order of thagnitude.

Stn Log-iransformid walling timg .- “Waiting lime DISCUSSION
Waiting time 1 .  Mean Vardance F p Median Mean

Fmip. N We have emplpye'd a novel tech-
and 10 188 1.89 141 64 nique: for monitering the echolocalion
Other -~ 47 532 30 270 DAM2 o0 ys0s activity of harbour porpoises in order

fmp. W lo. assess the potential impact during:
nd 11 429 2,49 iy 83 262 construction of an offshere wind farm.
Othar 84 483  1.33 11l bnz 135 673 Although standard hydrophones have

Ref. N ' been c_Dm_mor_ily used for monjfngring
andl. 8 158 431 107 850 whales in general {e.g. Au el al. 2004},
Other 39 534 324 093 0.3594 218 1058 documented studies using the auio-

Ref. M niomous T-POD ar_fe still'-few_ (Cdx-et al,
2nd 18 1.61 2.35 . . 110, 335 2001, Culik &t al..2001, Koschinski ét
Other 191 467 ays 003 0884 um, al. 2003). Two T-PODs deployed in an

Rei. g exhibilion facility in Kerteminde, Den-
and q 488 9 14 027 0.6121 142 403 mark :[Ww.'gmuder’wlatgr'.:com}, .lqg-
Other 72 460 258 o ti0- 372 ged echolocation ac¢tivity Ior about 4 -

to 9% of the time in which recore-

did mot include sedsoral variations during the ram-
ming/vibration petiod from the end of August to the.
beginning of Cctober, as these months had similar:

mean lavels (Fig. 4).

It was not_.po'ssibie to estimale Lhe e_r_ﬂir__e covariance

structure in the analysis of the first and second waiting

ings were made (nean wailing times
approx 40 min, encounter duration approx. 10 min;
Teilmann &l al. 2002) when the 2 captive porpolses
were present in the pool, whereas 011_l'y 3 porpoise
-encounters were recorded over 2.d withoul lhe captive
porpaises presenl in the pool. These recordings may
‘have originated from.a wild porpoise ap]JrE)aching the
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enclosura, which is only s_eparated [rom 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 thal 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
écholocation rate, L.e. becurrence of click-trains, in-our
stidy (mean of 36.8 ¢licks min™!) corresponded well
with thoge {01025 ¢licks min~!) reported by Akamatsu
‘et al. (1994]in a 2wk study of 2 capiive porpoisés,

It is"biglieved that harbour porpoises use their sonar
mainly for navigation and catching theéir prey (Mghl &
Andersen 1973); but theie are no-estimates-of how fre-

quenlly {rég-ranging porpoises use thejr sondr. It must

be eniphasised that captive individuals may not nse
thieir echeolocation. ag much ds wild individuals due to
belter visual conditions, no-need to hunt for'foed, and
well-known- surroundings. The angular rangé of their
sonar is rather Hmited (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 echiclocalion activity' within the:
T-POD range -of detection, depending on the par-.

poises’ movement. patlerns.

Harbour porpoise monitoring

Methods of monitoring harbour porpmses have
mainly comprlsed ahundance esbmallan by means of
transect surveys. from Sh_lp or airplane [H_lby & Ham-
mond 1989), Eshmatzng ‘populaticn. sizes prov;des an

imporiant basis for conservation strategies in relation:

to the impact of b_ycatr:h i gilinet fisheries {Hammond

el al. 2002}, Surveys may also provide & means for.

-environmental impact sludies in locdlised regions such
‘a5 (8.g.) offshore wind Tarms. However, in -areas with
rélatively low harbour porpoisé:density, as i the SW
Baltic Sea, density estimates will havea relatively high
variance, which makes it difficolt to obtdin & reason-
able power for statistical testing of & potential impacl,
Porpoise densily estimiates were also documentdd as

depiending on sea.state (Barlow 1988, Palka 1996, Tatl-

mani 2003). Different dhservers and ‘platforms for the
différent surveys is ancther important source of varia-
fion that is nol usually accounted for, Furthermore,
substaniial changes in diurnal and seasonal diving
patierns (Teflmann et al. 2006b) are likely to bias
density estimates obtained from visual surveys,
Acoustic monitering by means of T-PODs provides
high-resclution data in lime, but has limited spatial
coverage (Koschinski et al. 2003). Néw insight into sea-
sonal, diiirnal and. area-specific porpoise occurrence

can be.obtained from this technique, particularly if the
data are combined with covariates: {e.g. salinity, cur-
renis) hypothesised to influence distribution patterns
of harbour porpeises. As yet, echolocation activity has
not been, associated with densily estimates, rendering
this technique less. useful for some management Lasks:
However, based on the present study we believe that
echolocation activity can be regarded as a proxy esti-
mate of relative abumdance, makinigg the T-POD an
important ‘tool for impact assessments in Felatively
small and defined areas.

‘Waiting time indicator.

Continvous logging of environrmental processes pro-
vides a whole néew wealth of irfformation, but places
considerable demand on data processing. The echo-
location activity recorded by the T-POLr is a typical
point process, similar'to (e.g.) precipitation measured
by tipping-bucketrain gauges. Althdugh the threshold

of 10 min used toseparate encounters was determined

empirically, this value appears redsonable from a bio-

ogical point of view alse. With.an average switming

speed of:1.5 m s~ (Teilmany 2000), a-harbont porpoise

“would move 900 m in 10 min, With a T-POD detection

range of aboui 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 T:hat there is still & sagm_ﬁcant

-probablhly thal an‘individual porpoise or group of por-
peises are- being repeatedly reccrded -at successive

waiting . times.- The estimated correlatlon ‘structure
shows that, beside the overall seasonal pattem._ there
are some systematic temporal variations at the scale of

hours and -Gays. The correlation between succéssive

wailing times could also he due 1o non-stationary
spatial patchiness in porpoise densities, such that

‘during- some periods there is a high densily in the

entire region leading to many short: wamng times,; and

.at other times a low den51ty resultmg in a few long
‘waiting times,

The porpeise-click recordings could potentially be

-agyregated info lower frequency time series, e.g; daily
observations, and the BAC] gnalysis carried out using
.an dappropriate transformation and distribution. How-
ever, in areas with a generally low density of harbour

porpoises, several consecutive days with zero-observa-

;ti'o_ns. might result, and daily obgervations potentially

reflect severe serial correlation. Therefore, the level of
temporal -aggregation should depend upon the area-

specific porpoise echolocation activity, Encounters and

waiting limes have the advaniage. that these data can
be combined with shori-term disturbances stich as
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ramming/vibration activity, whereas it is nat possible
to detect potential impacts on thetime scale of 24 h or
Jess rom daily chservations.

Monitoring designs

The T-POD deployments were planned as a sym-
metrical design with 3 stations in bolh thé impact and
reference areas, The eéxclusion of data from Stn Rel.
N ifi combinalion with data losses from some deploy-

menls resulted in an nneven distribution of déta over.
lime and space. Applylng the wailing time- delinition’

lo the click-lrain recordings-added lo this skewness,
with considerably more datg in the summer months,
Applying a seasonal varialion in the BACI analysis

allowed comparison of data sampled across- different.

time pericds, This asymmetry in both time and space
-sampling is & miodification of the criginal BACI design
{Green 1979), which did noi consider several locations,
and the 'Beyond BACI' design (Underwood 1994),
which considered spatial réplication in. an. asynumetri-
cal design, bul wilh the given process being con-
sidered as sampled at the same lime at all locations:
These designs have successiully been employed in .a
variety of different impact studies such as sewage
.outfall congtructién and removal (Archambault &l al.
2001, Bishop et al. 2002), demersal frawling {Sthratz-

berger et al.. 2002, Rosenbery et al. 2003) and marine,

constructions (Lewis el al, 2002).
Another modification of the traditional BACI design
was to incorporate @ covariange siruclure for the resi-

«duals by means of a stochastic process. The large

amount ol data enabled consislenl estimales of the co-

variance structure in the different analyses. Attempts.

1o estimate the ARMA (auloregressive moving aver-
age} parameters in the analysis of 1he first-and second
wailing times after ramniing attivily were nol sticcess-
ful die to convergence problems of the ‘optimisation
algorithin, Lack of data could be one reason why
tlemporal cotrelations are generally ignored in BACI
analyses dnd.indépendent vbservations are assumed
[rom re-sampling Lhe same location. - Another approach.
to aécommodate temporal correlations is the appli-
cation of repéated-measures designs (Green 1993).

Construction impact

The present study.documents a substaniial effect on.

the harbour porpoise echolocation activily from con-
spr_uc[ion._éctiv.ities-_'in general [medium-term_ Tesponse)
and from specific ramming/vibration activilies. (short-
lerm respense]. The data indicate that the porpoises
avoided the construcfion area te a large extent or,

alternatively, that their densily remained unchanged

‘but that they used their echolocation signals much less

due to {e.g:) noisé from construction aclivitiés. How-
ever, Koschiinski et al. (2003) found that harbour por-
poises used their ecliclocation more intensively when
wid-tufbihe noise was played back lo. them in the
wild, Teilmann et dl. (2006s) found ne change in

echolocatlion ‘activity in cdptive harbour porpoises
‘when various high frequency sounds {100 to 140 kiz,
‘153 dB.re 1 nPa (RMS) at 1 m) were played back; éx-
-cept, during the first exposure to these relatively loud

sounds, when the porpoises almosl reirdined from
echolocating for the full 5 min scund exposure. Based

on lhese ‘experiments; il js ur_ﬂikely that the hathour

porpoises in gur impact area would have echolocated
less than in the reference area over the enlire construe-

tion period, We contend that the recorded decrease in
-echolocation activity was related 1o a decrease in the

dénsity of the harbour porpoises,

“The impact of famming and vibration activity had-a
substantial, but short-lived efiect on harbour porpoise
activity at all'stations, with significant inereases in the
first waiting times only, These:2 sources of acouslic dis-

‘turbance during these construction activities had quite

ditierent properties. Frequency range and noise levels
associated with the ramming/vibration activity were

nol picasured. Noise from: similar pile-driving opera-

tioni 4as reporled by Witrsig et al. (2000}, who mea-
sured broad-band noisein the frequency range 100 Bz
Lo 25,6 kHz. The maximun-oclave band noise level
measured was 170 dB re 1 pPa (400 Hz centre frg~

quency) 250 m from Lhe pile-driving sile. Assuming

pure cylindrical spreading in the shallow waler area
around lhe pile-driving site, this corresponds to a
source level of 'approxi'ma_telY 194 4B re 1 pPa.

The harbout porpoise pinger deployed near Foun-
dalion A8 in connection with the ramming/vibration
activily transmiitted 8 different frequency modulated

Signals in' ke 20 to 160 kHz frequency bands, with

a maximusi source level 6f 145 dB re 1 pPa {www.

aguatecdémon.co.uk), This sound davice can baé

sensed by the harbour pdrpoises at a maximum range.

of 1600 m at Sea State 0 (Teilmann 2000). Given thai

distances from Foundation A8 fo the monitoring:
staliong were gl least 2 km, it is unlikely lhat the
harbour porpoise pinger could alféct lhe recorded.

.echdocatibn activity. The seal scarer used a source

fevel of 189 dB re 1 pPa in Lhe 10 to 15 kHz range

{www.lofitech.np) that may have affected the harbour
porpoises over greater distances, Hence, noise from

the ramming/vibration activily and the seal scarer

‘were:mosL probably of similar magnitude, bul consid-

erin_g that the "hi'gher frequencies- o_f _this. harassment
device are-allenualed 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 16 be higher in the’

reference area. However, harbour porpoise respohses
to different noise frequenciés have not yét been
documented.

Increases in waiting times were_.l_tjng'er [4 lo 41 h)
than the duration of the ramming/vibration activities
(1.5 to 10 h}, with-a tendency of relatively longer first

‘walting times in the impact area. This indicates that.

“the Tamming/vibration activities: had a spatially de-
clining effect on harbour porpoise densities, extending
‘most probably beyend the 3 slations in the reference
area (located >15 ki from Foundation A8), If the por-
poises were affected by noise from the construction
over such long distances, this could explain that the
first watting times at the referénce stations increased
by several hours, Furtheérmote, if tlie reference stations
were-alfécted by the specific ramming/vibration activi-
ty, 1t is also likely that other constriction activities may
have infhienced their density in the reference area.
Althaugh the BACI analysis assumed the referenice
area to be unaffected by llie construction activities, the
doubling of the waiting tives in this area (Table 4)

could potentially be associaled with the constriction of.

the wind. farm. This implies that waiting tires iri the
impact area may have increased by more than a factor
of 6. Althongh we have established empirical evidence

that construction aetivities reducéd the echolocation:

activity. of harbour porpoises in Ihis sludy, and most

probably -reduced porpoise’ density also, theé under-

lying causa~effect mechanisms still need to be invesli-
gated. Future.years of monitoring will show if the har-
bour porpoise population in the Nysted Glishote Wind
Farm region will recover,

The development of offshore activities is increasing

rapidly, giving rise to a demand to assess their effecton

the marine environment, The method de_ve’loped in t_'his
study may be modified to study other echolocating
cetaceans and determine (tie potential effect from off-
shore constructions or other human activities within a
specified area. '
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Wind energy has experienced dramatic growth over the past decade. A small fraction of this growth has
occurred offshore, but as the best wind resources become developed onshore, there is increasing interest
in the development of offshore winds. Like any form of power production, offshore wind energy has both
positive and negative impacts. The potential negative impacts have stimulated a great deal of opposition
to the first offshore wind power proposals in the US. and have delayed the development of the first
offshore wind farm in the U.S. Here we discuss the costs and benefits of offshore wind relative to onshore
wind power and conventional electricity production. We review cost estimates for offshore wind power
and compare these to estimates for onshore wind and conventional power. We develop empirical cost
functions for offshore wind based on publicly reported projects from 2000 to 2008, and describe the
limitations of the analysis. We use this analysis to inform a discussion of the tradeoffs between
conventional, onshore and offshore wind energy usage.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Over the past 10 years, the onshore wind industry in the U.S. has
grown dramatically and as a result developers, citizens and the U.S.
Congress have expressed interest in the development of an offshore
wind industry. Several companies have developed plans for
offshore wind projects and the U.S. Mineral Management Service
(MMS) is in the process of reviewing these applications and
developing regulations for the industry while the state of Texas has
already leased lands for at least one and possibly several additional
offshore wind farms. Lawmakers, governiment agencies, corpora-
tions, non-governmental organizations and private individuals are
deciding whether or not to support or participate in the develop-
ment of an offshore wind industry, and the relative level of support
or encouragement to give this new industry. In making these
decisions, stakeholders will have to balance the ecological costs and
benefits of offshore wind against its economic costs and compare to
offshore wind energy’s most realistic competitors. The decision is
complex and requires balancing local and global environmental
issues, historical conservation and economic costs.

Offshore wind energy competes with both onshore wind energy
and conventional fossil-fueled electricity. Onshore wind power and
natural gas fired power are the two fastest growing segments of the
electricity market. Coal power is the largest current producer of
electricity in the U.S. Offshore wind will thus displace either coal,
natural gas or onshore wind.

* Corresponding author. Tel.: +1 225 578 4559.
E-mail address: snyderb@lsu.edu (B. Snyder).

0960-1481/$ - see front matter @ 2008 Elsevier Ltd. All rights reserved,
doi:10.1016/j.renene 2008.11.015

Given the uncertainties associated with global climate change, it
is difficult to compare the societal costs and benefits of wind energy
to fossil-fueled energy. However, one way to develop a first-order
comparison of these costs would be include the costs of market
based carbon offsets in the costs of conventional electricity. This
assumes that the costs of carbon emission credits accurately reflect
their ecological value which would occur if carbon credits actually
represent a reduction of the specified amount of carbon dioxide
from the atmosphere.

It is perhaps less difficult to compare the costs of onshore and
offshore wind energy since they both have similar carbon emis-
sions. In this case, one could simply compare the economic and
ecological costs of onshore and offshore wind.

There are several reasons why developers or lawmakers might
prefer offshore wind power over fossil-fueled power or onshore
wind power, Offshore wind power could be less expensive than its
competitors, either at a local or national scale, it could have the
potential to be less expensive than its competitors, or it could have
less severe social and environmental impacts than its competitors.

In this paper, we seek to address the question, “Is investment in
offshore wind power preferred over investments in fossil-fueled or
onshore wind power?" We focus primarily on coal-fired power as
representative of fossil-fueled power since it is the dominant
source of electricity in the U.S. and it is both inexpensive and
a major source of greenhouse gases.

We begin with an overview of the commonly expressed criti-
cisms and benefits of offshore wind power. We discuss cost models
for offshore wind power and compare them to onshore wind power
and conventional power. We also discuss the factors that lead to
higher costs through a first-order empirical cost function and
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discuss how these costs can be decreased. We discuss the envi-
ronmental impacts of offshore wind power and how these factors
can be mitigated. We end the paper with the conclusions of the
analysis.

2. Criticisms of offshore wind power

There have been a number of criticisms on offshore wind power
in the U.S,, mostly associated with the Cape Wind project (Table 1,
[1.2]). The environmental impacts are discussed in more detail
below, the rest of the concerns are discussed here.

2.1. Navigational safety

Any structure placed in federal water must receive a permit
from the Army Corps of Engineers (ACE). The ACE, through the
Rivers and Harbors Act (RHA), has the authority to regulate
obstructions to navigation in federal waters. The ACE considers
a multitude of factors in making RHA decisions, however, their
primary responsibility is protecting navigation, therefore they are
unlikely to permit offshore wind projects that pose serious threat to
U.S. shipping lanes. However, densely spaced wind turbines could
provide a problem for recreational boats and small fishing vessels
attempting to navigate through a wind farm. Typically, turbines in
a wind farm are spaced 500-1000 m apart and have blades that at
their lowest point are at least 20 m above the water. Small boats
should therefore have no problem navigating among these turbine
in good weather, however, some critics of the Cape Wind project
have pointed out that the coast of Massachusetts is infamous for
bad weather and shipwrecks. This is likely to be the case in many
places in which offshore turbines are particularly profitable (i.e.
areas with high winds).

2.2, Federal subsidies

Opponents of offshore wind projects claim that offshore wind
power is not economically viable without federal “subsidies”, by
which they mean federal tax credits for renewable energy. The
federal Production Tax Credit (PTC) gives a tax credit of $0.02/kW h
of produced electricity for the first ten years of production from any
renewable source, including wind.! Opponents of the PTC argue
that its original purpose was to help the renewable energy industry
become established and because it originally became law in 1992, it
should now be allowed to expire. In fact, the PTC did expire in 2000,
2002 and 2004 and is currently set to expire at the end of 2008.
Interestingly, the pattern of wind capacity growth in the U.S. seems
to closely follow the expiration of the PTC[3]. In each of the years in
which the PTC was allowed to expire, the growth in wind capacity
slowed markedly. Given the relatively unfavorable economics of
offshore wind, it is reasonable to suggest that offshore wind energy
projects will need the continuation of the Production Tax Credit
(PTC) in order to be competitive.

2.3. Aesthetics

Opponents to wind power claim that wind turbines mar the
landscape or seascape. This is especially an issue for the Cape Wind
project in which local activists are concerned about the views from
historic landmarks. There are some aesthetic issues that are beyond
the scope of analytic tools, however, the effects of wind farms on
property values has been analyzed. Sterzinger et al. [4] analyzed

! For example, if a 400 MW wind farm has a capacity factor of 50%, then it would
produce about 1.7 billion kW h of electricity annually, and would qualify for 35
million dollars in tax credits each year for the first ten years of its operational life.

property values in the viewshed of onshore wind turbines and
found that in eight out of ten cases the property values in the
viewshed increased faster than the values in control sites.
Furthermore, in nine of ten cases the rate of property value increase
rose after the placement of the wind farm. Thus, there is no
empirical evidence to suggest that wind farms negatively influence
property values,

In Denmark, Ladeenburg and Dubgaard [5] estimated the will-
ingness of citizens to pay for moving turbines further from shore,
They found that respondents were willing to pay 46, 96 and 122
Euros per year per household in order to move a theoretical wind
farm to 12, 18 or 50 km away from the coast, relative to an 8 km
baseline [5]. Huaghton et al. [6] conducted a similar study on Cape
Cod and found that 22% of respondents were willing to pay, on
average, a onetime cost of $286 for windmills to not be built, while
9% were willing to pay an average of $112 for windmills to be built.
The average net willingness to pay per person was $75. These data
suggest that on average the public views offshore wind turbines as
visual disamentities, at least before they are built.

2.4. Cost and risk

The offshore environment is significantly more uncertain and
difficult than onshore, and thus, more costly and risky. The offshore
environment involves personnel traveling to and from offshore
turbines; this increases equipment and time costs as well as
insurance costs due to increased risks. Offshore work involves
increased risks of storms which affect the amount of time available
for maintenance and installation which in turn influence capital
and operation costs. Offshore environments are corrosive to elec-
trical and structural equipment and require turbines to be mari-
nized with cathodic and humidity protection. Capital expenditures
for offshore wind projects depend on marine vessel dayrates which
are unpredictable, and offshore foundations require more steel for
jackets and pilings than onshore foundations.

2.5. Unpredictable power

One of the most substantive criticisms of wind power is that it is
unable to provide constant, predictable power to the grid. The
electricity grid is designed to send a constant AC load to consumers
and it relies on large power plants producing predictable and
steady electricity. Wind energy is not steady and varies on the scale
of minutes, hours, days and months and the changes in wind power
output are difficult to predict ahead of time [7]. Therefore, inte-
grating wind power into the electricity grid will require backup
systems (especially natural gas fired power plants) that can
respond quickly to changing production from wind farms [8]. This
increases the total national cost of electricity. The DOE has esti-
mated that the supply up to 20% of the nation's electrical use from
wind power would cost up to $5/MW h in integration costs [9].

3. Benefits of offshore wind power

Offshore wind power shares all of the same benefits of onshore
wind power relative to conventional power sources (Table 1). Most
notably, wind power has very low carbon emissions over its life-
cycle, as well as negligible emissions of mercury, nitrous oxides and
sulfur oxides. Wind power does not use fuel and is therefore freed
from the price volatility associated with electricity generated from
oil, natural gas, biomass, nuclear and coal. Wind power does not
rely on large sources of freshwater as conventional sources of
power do [9]. In the near term, offshore wind power will be more
expensive than onshore wind power, however, there are several
benefits of offshore wind power that are not shared by onshore
wind; these benefits may or may not justify the additional costs.
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Table 1
Summary of arguments for and against offshore wind and comparison to onshore wind.,
Applies to onshore Validity
wind power

Arguments against offshore wind

Ruins special/historic seascape Y Aesthetics subjective, but wind turbines are visual disamenity to most. No effect on property values,

Kills birds Y Expected death rate 1-10 birds per MW. Difficult to compare effects of wind and fossil fuels on bird
populations on a per MW h basis,

Harms fisheries N Likely to be significant impacts on local fisheries during construction, especially if monopiles are
used. During operation fishing success may increase.

Harms marine mammals N Likely to have impacts on marine mammals during construction, especially if monopiles are used,
potentially including mortality. During operation impacts will be negligible.

Requires subsidies Y Offshore wind power not economically competitive with onshotre wind or fossil-fueled power.

Endangers shipping/navigation N Site dependent. USACE must permit projects and decide if they threaten navigation.

Hurts tourism N Offshore wind projects have caused net increases in tourism.

Arguments for offshore wind power

Mitigates climate change Y Wind power produces very little greenhouse gas emissions over its life cycle,

Decreases water use Y Each MW of wind capacity can offset 0.7-2.1 million gallons of water consumed per year

Improves air quality S Cape wind estimated to prevent 11 mortalities per year (Kempton et al., 2005), but depends on fuel
mix of power actually displaced.

Reduces foreign fuel dependence Y Roughly 50% of U.S, electricity comes from coal; U.S. exports more coal than it imports. Roughly 20%
of electricity from natural gas. Roughly 20% of this natural gas is imported, almost entirely from Canada.

Creates jobs Y The Cape Wind project will create about 50 permanent jobs, plus 100 indirect jobs. Construction will
create several hundred additional jobs.

Creates electrical price stability Y Wind power provides price stability since cost of producing energy can be forecast, but even most
ambitious plans only imagine 20% of U.S, electricity supply to come from wind in 2030.

Close to population centers N Offshore sources are closer to population centers than onshore wind sources, but it is probably cheaper
to build new transmission systems from high-wind onshore sites.

Higher winds offshore N Winds are more powerful offshore, but COE of offshore wind is higher than COE of onshere wind, suggesting
that higher wind speeds do not make up for higher capital costs.

Reduced user conflicts N Site and plan specific; seems to be occurring in Texas, not in Cape Cod.

3.1. Location 3.3. Transport and construction

Onshore wind resources in the U.S. are localized in the middle of
the country, far away from large population centers. Offshore wind
power is physically close to the major population centers of the
coastal United States, thereby removing the need for expensive
high voltage transmission [10]. However, with a large enough
investment, it may be more efficient to build these transmission
lines then it would be to invest in offshore wind power. Recent
studies have evaluated the costs of producing 20% of the nation’s
electricity from wind (primarily onshore wind). The cost to trans-
mit this electricity from the wind centers of the west and midwest
to the population centers on the coasts has been estimated to be
about $20 to $26 billion. This would add about $120 to $180 to the
capital costs of new construction making total capital costs about
$2000/kW, below current offshore costs of around $3000-4000/
kW [9].

Onshore wind power, in some cases, has been stalled by local
opposition due to conflicts between alternative land uses [11]. One
potential benefit of offshore wind is that it may reduce this conflict
[12]. Wind turbines can be placed far enough from the shore to be
inaudible and, potentially, invisible. Local opposition to the Cape
Wind project remains strong, but does not seem to be the case in
the Galveston Offshore Wind Project [13].

3.2. Power

Offshore winds are generally stronger and more constant than
onshore winds. As a result, turbines are expected to operate at
their maximum capacity for a larger percentage of the time, and
the constancy of wind speed reduces wear on the turbine and
provides a more constant source of power to the electrical grid
reducing the need for other sources of electricity to serve as
backups [14]. The increase in wind speed leads to a 150% increase
in electricity production for offshore wind turbines [15] and an
increase in the capacity factor of the wind farm from about 25 to
40% [16].

The marine cranes developed for the offshore oil and natural gas
industry are capable of handling larger equipment than onshore
cranes, thus allowing for larger turbines to be efficiently erected at
sea. The transportation of the required enormous pieces of equip-
ment is also made significantly easier at sea [17]. The size of
onshore turbines is limited by the ability to transport the blades,
tower and nacelles of the turbines. As a result, cost reductions due
to the economics of scale are limited. However, at sea these
constraints are not an issue and wind turbines already exceed
5MW and may eventually exceed 10 MW. These larger turbines
may make offshore wind power more economically attractive due
to the economies of scale.

3.4. Design considerations

Offshore wind power also has several potential benefits that
have not yet been realized due to its nascent nature; these benefits
are related to the potential for new turbine designs optimized for
the offshore environment [18].

Turbine noise is an oft-cited criticism made by opponents to
onshore wind power [19]. The offshore wind power industry does
not have to be as concerned about turbine noise as does the
onshore industry. As a result, the offshore industry can use far
larger turbines [17]. These larger turbines should make offshore
wind power more economically attractive due to scale economies.
Additionally, if offshore turbines are freed from constraints of noise,
then turbine manufacturers could build turbines with downwind
rotors, that is, rotors that are located behind (with respect to the
wind direction) the support tower and nacelle, In upwind rotors,
extreme wind speeds could deflect the blades back toward the
tower. Thus the blades have to be made very stiff, increasing their
price and weight (the increased weight also increases the expense
of the tower, foundation and construction). In a downwind rotor
the blade can be more flexible. However, as the blades pass through
the wind shadow caused by the tower they create a low frequency
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noise. Offshore wind farms would not need to be as concerned with
this noise [20].

Offshore wind farms located over the horizon could also make
use of lattice towers instead of tubular towers. These lattice towers
require less material and are therefore lighter and cheaper than the
more common tubular towers, however, they are rare for aesthetic
reasons [21]. Similarly, two bladed turbines were rejected by the
European market for aesthetic reasons [20], however they are
lighter (and therefore less expensive) than three bladed turbines.

4. Cost estimates of wind power

The economic costs of conventional, onshore and offshore wind
power are shown in Table 2. The estimate for conventional power
comes from an average of all power generation in the US. There is
a great deal of variation in the estimates for offshore wind costs
which is due to the assumptions of the analysts and the year in
which the estimates were performed. Commodity prices have
increased significantly in recent years, and the costs of turbine
construction and installation have also increased, both onshore and
offshore. Additionally, the methodology through which cost esti-
mates are made, and their potential application can differ signifi-
cantly. What is clear is that the costs of onshore wind power are
competitive with conventional power sources, but that the costs of
offshore wind power are more expensive than either onshore or
conventional electricity perhaps by a factor of 2-3. The exact price
of the premium is time and site specific, but may be up to $50/
MW h. Since onshore wind is cost competitive with conventional
electricity, the premium is similar for both energy sources and may
be higher for onshore wind than for conventional power.

4.1. Costs of onshore wind power

Data on the costs of offshore wind power is relatively sparse due
the limited number of installations and the lack of reporting. Data
on onshore wind power costs are more readily available. The price
of onshore wind generated electricity (cost of energy; COE)
declined from 1999 to 2005 from approximately $63/MW h in 1999
to $36/MW h in 2005. However, in 2006 the price began to rise

Table 2
Capital costs and cost of energy of offshore wind farms.
Wind farm or type of estimate Year of Costof  Capital Source
prediction/ energy  costs
estimate  ($/MW h) ($/kW)
Generating costs of coal-fired 2003 49 [60]
electricity
National average wholesale 2008 58 [22]
price of power (primarily
coal, gas and nuclear)
Generic estimate based on 2008 40 1710 [22]
empirical data (Onshore)
Generic estimate based on 2005 40-95  16D0-2600 [64]
small set of empirical data
Theoretical w/3 MW turbine 2006 95 2100 [23]
Theoretical 500 MW farm, 2004 54 1200 [17]
S MW turbines, 15 miles
from coast
LIOWP (cancelled) 2007 291 5231 [25]
Generic estimate for future wind 2007 4000 [25]
farm
General based on empirical data 2007 100 3200 {33]
Cape Wind 2007 122 [65]
Estimates from proposed 2001 48-70 [66]
wind farms
Generic estimate based on all 2008 3354 Data in
available empirical data Table 3
Middelgrunden 2005 70 [26]
Theoretical Generic estimate 2006 3500 [18]
Empirical data 2003 2200-2600 [62]

again and in 2007 the price of wind generated electricity was $40/
MW h (all prices in 2007 dollars). Even with this increasing price,
wind power is competitive with conventional power sources; since
2003 wind generated electricity has been at or below the average
national wholesale price of power.

Part of this rising price is attributed to the rising capital costs of
wind farms. From the early 1980s to the early 2000s, capital costs of
wind farms declined by $2700/kW. From 2001 to 2003 the capital
costs for onshore wind farms averaged about $1450/kW; by 2007
these costs had risen to $1710/kW. These increasing project costs
are due to increasing turbine costs which have increased as
demand and commodity prices have grown.

The primary drivers of the COE are the capital costs of a wind
farm and the capacity factor. COE increases with the capital costs
and decreases with the capacity factor [22].

4.2. Offshore cost estimates

Musial and Butterfield [17] developed a model of the costs of
offshore wind farms. They modeled a hypothetical 500 MW wind
farm composed of 100, 5 MW turbines. The farm was in shallow
water, 15 miles from the coast. They assumed that the turbines
would cost $340 million, the foundations $100 million and the
electrical connections $160 million. This gave a total construction
cost of $1200/kW and a cost of energy of $54/MW h.

Fingersh et al. [23] modeled the costs of a single 3 MW turbine in
shallow water, but included the per turbine costs of electrical
interconnection. The cost of electricity was a function of the annual
expenses divided by the annual energy production. The annual
expenses included the rate of return on the initial capital invest-
ment (11.85%) times the initial capital required ($6.3 million; $2100/
kW) plus the land lease costs ($12,000), operation and maintenance
costs ($215,000 per year), and replacement and overhaul costs
(855,000 per year). Fingersh et al. assumed a capacity of 38% and
predicted the total costs to be $95/MWh. They used a similar
method to estimate the costs of onshore wind power and found
them to be roughly half the costs of offshore wind power.

In the now defunct Long Island Offshore Wind Park (LIOWP)
agreement between FPL Energy and the Long Island Power
Authority (LIPA), LIPA agreed to pay $94.97/MWh for offshore
produced wind power. This rate was designed to increase annually
at 2,75% [24]. PACE Global Energy Services conducted an inde-
pendent report for LIPA and found that the costs of construction
were approximately $750 million ($5231/kW). This translated into
a cost of energy of $291/MW h, PACE also estimated the costs of
a future (2010) generic European offshore wind farm at $4000/kW.
This high cost is due to the increasing price of materials [25].

4.3. Cost components

The primary component costs for on and offshore wind based on
empirical studies are shown in Fig. 1. The primary capital cost for
onshore wind projects is the turbine; installation costs make up
about 14% of the total capital costs. For offshore wind projects, the
costs of installation is higher, approximately 20% of the total costs and
the costs of building and installing the foundations account for
another 20% of capital costs. For offshore wind, operation and
maintenance costs make up a larger proportion of the overall
components of the COE [23]. This is likely due to the costs of accessing
offshore wind farms and maintaining turbines in operating condition.

5. Offshore cost functions
5.1. Data source

We have compiled data from a variety of public sources on the
costs of offshore wind farms built in Europe (Table 3). Construction
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Fig. 1. Costs of onshore and offshore wind. Sources: [23,31,33,62,63].

costs have ranged in price from $1462 to $7000/kW of capacity and
average $3354/kW of capacity. Excluding Beatrice, estimated costs
for not yet completed wind farms and developments built before
2000, construction costs for wind farms built between 2001 and
2007 ranged from $1462 to $3125/kW. We believe the smaller
sample is more representative of general trends and use it for all
further analyses.

These data come from a variety of sources including developer
websites which we cannot independently verify. These data may
not reflect the entire costs of construction in all cases such as the
cost of transmission studies and permitting. The cost data were

inflated to 2008 dollars by converting the original cost to dollars
using the average exchange rate in the year in which the estimate
was given (assumed to be the year of construction unless otherwise
indicated), then inflating to 2008 dollars using the U.S. Bureau of
Labor Statistics calculator,

5.2. Model specification
We created multiple regression models of capital cost based on

several factors. We hypothesized a cost model in which the
predictor variables were total capacity, water depth, distance to

Table 3
Costs of offshore wind farms in Europe.
Wind farm Nation Year constructed Capacity (MW) Total cost* (million) Depth (m) Turbine Number of Distance to
size (MW) turbines shore (km)
Vindeby Denmark 1991 5 1n2 35 045 1 15
Lely Netherlands 1994 | 48 75 05 4 08
Tuno Knob Denmark 1995 5 11.2 4 05 10 3
Dronten Netherlands 1996 n 28.6 15 0.6 19 0.03
Bockstigen Sweden 1997 3 4.3 6 055 5
Blyth UK 2000 4 7 8.5 2 2 1
Middlegrunden Denmark 2001 40 53 6 2 20 2
Utgrunden Sweden 2001 10 14 8.6 1425 7
Yttre Stengrund Sweden 2001 10 18 8 2 5
Homns Rev Denmark 2002 160 500 10 2 80 14
Nysted Denmark 2003 158 373 775 23 72 10
Samso Denmark 2003 23 52 20 23 10 35
North Hoyle UK 2003 60 148 12 2 30 7)
Ronland Denmark 2003 172 26 1 23 B
Scroby Sands UK 2004 60 155 16.5 2 30 25
Arklow Ireland 2004 25 70 35 36 7 10
Kentish Flats UK 2005 90 217 5 3 30 10
Barrow UK 2006 90 190 175 5 30 75
Egmond aan Zee Netherlands 2006 108 334 18 3 36 10
Burbo Bank UK 2007 S0 185 5 36 25 6.5
Beatrice UK 2007 10 70 45 5 2 22
Lillgrund Sweden 2007 110 300 7 23 48 10
Q7 Netherlands 2007 120 590 215 2 60 23
Lynn/Inner Downsing UK 2008 90 600 95 36 54 5
Robin Rigg UK 2008 180 765 5 5) 60 9
Throton bank Belgium 2008 300 1250 14 $ 60 27

Sources: [18,26,64,66-75].

? Adjusted for inflation using the Bureau of Labor Statistics calculator and exchange rates at the time of construction.



1572 B. Snyder, M.J. Kaiser / Renewable Energy 34 (2009) 1567-1578

shore, year constructed, turbine size, and number of turbines. We
had no reason to assume that any interaction or higher-order terms
would be appropriate.

5.2.1. Total capacity

Obviously, increasing the size of development will increase the
capital costs of the project and this parameter is needed in the
model in order to control for varying sizes of developments.
However, the costs are unlikely to scale linearly with the size of
development. Installation costs, and grid connection costs, and
even turbine costs are unlikely to scale linearly with the size of the
wind farm. For example, for orders of over 100 turbines there is
approximately a 30% reduction in the list price [16]. Nonetheless,
we expect that the total capital costs will increase with increases in
total capacity.

5.2.2. Turbine capacity

There is a clear trend toward increasing turbine size in onshore
[22] and offshore applications. This could decrease costs since
larger capacity turbines would require fewer foundations for the
same sized wind farm, however, larger components require larger
barges and cranes for construction which are less common and
more expensive than smaller barges. There is no relationship
between turbine capacity and the per kW capital costs of offshore
wind farms (Fig. 2) and so we do not hypothesize relationship
between increasing turbine capacity and capital costs.

5.2.3. Distance to shore

The distance to shore influences both the construction and
operation and maintenance costs. During construction the ships
will have to make a number of trips between the site and shore to
load additional equipment. This travel period is costly and therefore
the closer an offshore site is to an industrial port facility, the less
expensive installation will be. Furthermore, the distance to shore
also dictates the amount of transmission cabling required. During
operation a maintenance crew will need to make regular trips to
the wind farm to monitor the foundations, towers and turbines
[26]. Locating this crew as close as possible to the wind farm will
decrease both the environmental impacts and the costs of main-
tenance, We expect distance to shore to be positively related to
capital costs.

52.4. Water depth

Water depth is a primary factor in most offshore operations in
the oil and gas industry, and thus we suspect water depth will also
eventually play an important role in determining costs as offshore
wind farms are installed in ever deeper water. Increasing depths
increase the price of construction by making monopile and gravity
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Fig. 2. Capital costs versus turbine size,

foundations impractical and potentially requiring the use of
expensive, jacketed foundations and expensive marine vessels for
installation. Shallow water can restrict the access of some large
barges which could also restrict operations. Many cable laying
vessels have deep drafts (up to 8 m); therefore shallow water may

necessitate the use of remotely operated vehicles (ROVs) for cable

laying operations. Use of ROVs and divers in offshore construction
will significantly impact costs.

52.5. Year of construction

There is a general expectation that technological learning will
cause the cost of offshore wind installations to decrease [16]. This
has occurred in the onshore wind industry with consequent
expansion in capacity, and there is a great deal of expectation that
a similar phenomenon will occur in the offshore wind industry.
Year of construction may be negatively associated with capital
costs, but we do not suspect that the sample set is sufficiently large
to detect such effects.

5.3. Model results

We checked the variables for colinearity using a correlation
matrix and found no parameters with correlation coefficients
greater than 0.7. Therefore, we left all parameters in the model and
applied various combinations of the 5 parameters and ranked the
models according to their adjusted R? value. The models and their
parameter estimates are given in Table 4.

Three variables common to all three of the best models were
total capacity, distance to shore, and turbine size. As expected, costs
increased with increases in total capacity and distance to shore, and
decreased with increases in turbine size. The year of construction
and water depth were not significant in any of the models. The
water depth value from the sample set ranged from 1 to 21 mwhich
is not sufficient to detect depth effects. The cost element is also too
gross to expect time to play a significant role in the model.

5.4. Limitations of analysis

The capital costs of offshore wind farms is governed by condi-
tions unique to the structure, site contractor and country as well as
the prevailing environmental, engineering, market, operational,
and regulatory conditions at the time of the operation. The unique
nature of the offshore operations and construction objectives drives
the variability observed and can only be partially explained through
factor analysis.

6. Managing costs
With a COE of up to $100/MW h (Table 2), offshore wind is not

currently cost competitive with either onshore wind or conven-
tional electricity. However there are a number of factors which may

Table 4
Parameter estimates from the three best models from multiple regressions.

Total cost (million $) = fg+ §} (vear) + 55 (distarice to shore (m))+ 85 (turbine
size(MW)) + f3(capacity (MW)) + S5(water depth (m)}

Parameter Model 1 Model 2 Model 3

Bo —21,029 (0.2281)° 18.02 (0.6929) —19,293 {0.2890)
f 10,53 (0.2271) 9.66 (0.2887)
B2 9.28 (0.015) 9.97 (0.0007) 8.43 (0.0111)
B3 —56.14 (.0204) ~39,06 (0.0346) —57.68 (D.0229)
Bs 2.45 (<0.0001) 2.65 (<0.0001) 2.53 (<0.0001)
s 1.05 (0.5825)
Adj R? 0.92 (<0.0001) 0.91 (<0.0001) 0.91 (<0.0001)

? P-values reported in parenthesis.
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lead to significant cost reductions in the future and there are many
factors that may make offshore wind locally attractive.

The COE for offshore wind power is determined by the capital
costs of installation, the interest rate, the operation and mainte-
nance costs, and the energy produced. Offshore wind developers
have little control over some of these factors (e.g., the interest rate),
but site selection and project planning can reduce costs and
increase revenues. Furthermore, the costs of offshore wind may
decrease over time due to technological learning.

6.1. Factors influencing revenue

The wind profile at a site determines the COE and the revenue to
a wind farm operator by determining the number of kW h sold.
Since wind power scales with the cube of wind velocity, the
velocity of the air is likely to be the most important single factor in
determining the placement of offshore wind farms and their
profitability. The strongest winds offshore of the U.S. occur in the
Aleutian Islands in Alaska, off the coast of northern California and
southern Oregon, and in the Atlantic Ocean off the southern and
eastern coasts of Massachusetts. In all of these places wind speeds
at 50 m average 8.8-11.1 m/s [10]. While these are the largest
concentrations of strong winds, there may also be areas of class 7
winds (the most powerful wind class, considered superb by NREL
for energy production) at 80 m off the coasts of Texas, Louisiana,
North Carelina and Long Island [27], however, these winds were not
identified by some other studies [10].

The value of energy is also determined by the time of the day in
which these winds blow. Electricity is not equally valuable
throughout the day and developers interested in site selection need
to know not just the mean annual wind speed, but the time of day
and time of year in which the wind is strongest.

Revenue is determined by costs of energy at the locat level. In
the U.S. the average retail price of electricity ranges from 4.92 to
20.72 cents/kW h [28]. Thus an offshore wind farm may not be
practical in Washington (average retail price of electricity is
6.14 cents/kW h) but may be very profitable in Hawaii where the
average price is over 3 times higher (20.72 cents/kW h).

Revenue is also impacted by what other marketable products
the wind farm generates. In states with Renewable Portfolio Stan-
dards (RPS), wind farm operators could sell renewable energy
credits (RECs). States with RPS include most of the states with
offshore wind potential with the exception of Ohio, Georgia, Loui-
siana and Michigan. The prices of RECs vary dramatically with the
most expensive RECs being about $45 to $55/MW h in Massachu-
setts, Connecticut and Rhode Island.

The differences in local prices for electricity and RECs mean that
the Cape Wind project may be able to sell its electricity for about
13 cents/fkWh (average wholesale price of electricity in New
England in 2007 was 7.7 cents/kW h; average REC price is 5.5 cents/
kW h), while the Galveston Offshore Wind project may only be able
to sell electricity at half that rate (average wholesale price of
electricity inTexas in 2007 was 5.7 cents/kW h; average REC price is
0.5 cents/kWh; [22,28]). These differences in revenue could
determine if a wind farm would be competitive with fossil-fueled
fired electricity or not.

6.2. Site selection impacts

Previously, we discussed the possible impacts of water depth
and distance to shore on capital costs, however, other factors
associated with the site selection will also impact capital costs, for
example, seafloor geology. Most offshore wind farms have been
established using driven monopiles, however, monopiles are
impractical in rocky soil since they may require drilling. Suction
caissons have been employed as foundations for some turbines and

they have been installed in both clay and sandy soils, but, firmer
substrates require larger pressure difference between the outside
and inside of the basket. Therefore, suction foundations may be
impractical in some shallow water applications.

Areas with extreme weather events, and even areas with a high
frequency of moderate weather events, can also influence costs.
Moderate waves (above 2 m) can delay construction and effect the
proportion of time that maintenance crews can access the turbines.

Hurricanes could dramatically influence the costs of construc-
tion and insurance. Current onshore towers are built to withstand
120 mph winds; hurricanes often have winds that significantly
exceed this threshold. WEST, a company interested in building an
offshore wind farm off the coast of Texas, has developed plans for
a wind turbine that could withstand winds in excess of 150 mph
[29]; it is unclear how much this might add to the cost of a turbine.
Given the frequency of hurricanes in the Gulf of Mexico and the 20-
30 year lifetime of a wind farm, it seems prudent for any wind farm
to plan on being impacted by one or more hurricanes over its
lifetime.

6.3. Project specific impacts

The costs of installation are partly determined by how many of
the components are assembled on land. In some cases, developers
have assembled components and even complete turbines on land
and then shipped them to the installation site. This may decrease
the time in which barges are needed but increase the sizes of the
barges needed for construction. Barge costs are determined by the
market; if wind farm development increases barge utilization then
demand conditions will likely increase dayrates. Contracts with
barges can be on either a turnkey or dayrate basis. Turnkey
contracts transfer the operational risks associated with construc-
tion to the contractor; the party who holds weather related delay is
determined by the terms of the contract,

6.4. Economies of scale

The largest wind turbines in the world are built by two German
companies, Enercon and Repower. Enercon is building a 6 MW
prototype land-based turbine while Repower sells a 5 MW turbine.
Physical principles suggest that these larger machines should be
more expensive per kW than smaller turbines because the material
needed for a turbine should scale with the third power of rotor
diameter while the power should scale with the square of rotor
diameter [16,20}. However, empirical data suggest that the cost per
kW of capacity has stayed relatively constant with increasing rotor
diameter due to technological innovation [20] and the weight of the
blades and the nacelles has scaled with the exponents 2.3 and 1.5
respectively, rather than the cube as expected [16]. This, combined
with the fact that operation and maintenance costs are lower for
wind farms with fewer, larger turbines, means that as the scale of
wind farms increases, the costs of energy may decrease [30). These
cost reductions reach a limit for land-based wind farms due to the
high costs of transporting huge turbines and blades. For offshore
turbines transportation over roadways is not an issue, and it is
likely that the size of offshore turbines may continue to increase
above 5 MW [9]. We would expect that wind farms using large
turbines would therefore be cheaper on a per kW capacity basis,
but so far this has not occurred (Fig. 2).

We might also expect larger wind farms to be less expensive on
a per MW basis than smaller wind farms [31]. This could occur
through discounts with large turbine purchases, through learning
associated with installation of foundations, through operation and
maintenance efficiencies or through decreasing per MW electrical
connection costs. However, neither the data for onshore wind
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farms seem to support this expectation [32] nor do the data for
offshore wind farms (Fig. 3).

6.5. Technological learning

Musial and Butterfield [17] predicted that the COE for an
offshore wind farm in shallow water would decline from $54/MW h
in 2006 to $32/MWh 2025 based on technological learning and
independent of cost reductions through scale economies.

There are several ways in which technological learning could
take place; it could occur through incremental developments, the
development of new main components, or through the develop-
ment of entirely new turbine concepts [18]. Incremental develop-
ment consists of developing new methods for turbine installation,
advanced blade materials, easier access to the turbines, and more
reliable electronic components, and is expected to be the major
source of future price reductions? [18,33]. Other options for tech-
nological cost reductions include the use of DC transmission, the
mass production of jacketed structures, and the assembly of turbine
components onshore [16,18,33].

7. Environmental impacts of offshore wind power

Offshore wind power has both positive and negative environ-
mental consequences. The negative environmental consequences
are generally local, whereas the positive environmental conse-
quences are global and exist only insofar as offshore wind power
displaces other forms of electricity generation. The environmental
impacts studied in the Cape Wind EIS are shown in Table 5, but
note that the U.S. Fish and Wildlife Service has objected that the
data used to make the determinations in the table were not
adequate. In general, the environmental impacts of offshore wind
are similar to those from onshore wind, however, offshore
wind has additional environmental impacts, primarily associated
with the effects of noise on marine animals, that onshore wind
does not share.

7.1. Impacts on birds

One of the primary concerns surrounding wind farms is the risk
that they will cause excessive avian mortality through collisions.
The birds riost at risk of collision will be seabirds, and in some cases
migrating passerines. While bird mortality increases due to the risk
of colliding with offshore turbines, the rate of mortality is relatively
low, from 0.01 to 23 mortalities per turbine per year (these data are
from both on and offshore wind farms; [34]). On a per MW basis,
fatalities range from 0.95 to 11.67 deaths per year [35]. Altamont
pass in California became notorious for its bird mortality. While the
annual collision rate per turbine was low (0.02-0.15 collisions per
year), mortality was still sizable due to the fact that 7000 turbines
were involved and many of the birds killed were golden eagles,
a charismatic species [34]. These data suggest that the fatality rate
may be highly dependent on site specific factors.

The estimates above were generally taken from studies in which
mortality was measured by counting dead birds found near
turbines and, in some cases, correcting for birds removed by
scavengers. In the offshore environment counting carcasses is likely
to be very difficult due to the fact that many carcasses will not be
found [36]. At Nysted, a thermal imaging system was placed on one
of the turbines and could monitor 30% of the swept area for bird

2 One example of this could be the learning that occurred during the Horns Rev
installation, Eighty turbines were installed at Homs Rev. At the start of construction
the average installation time was 3 days; by the end of the construction period an
average of 14 turbines was installed per day [16].
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collisions. Using these data, it was predicted that approximately
0.02% of birds would collide with turbines.

Wind farms can also pose barriers to birds. Birds often seem to
avoid flying through wind farms; this likely decreases their
mortality [37]. However, birds that avoid a wind farm must expend
a significant amount of energy flying around it, especially since
offshore wind farms can be quite large (tens of square miles). This
could be of particular importance if a wind farm is located in

between rookeries and feeding grounds [34].

Table 5
Environmental impacts associated with Cape Wind development according to the
EIS.
Affected resource Construction Operation impacts
impacts®
Oceanography Currents No measurable Minor
impacts
Waves No measurable No measurable
impacts impacts
Salinity No measurable No measurable
impacts impacts
Temperature No measurable No measurable
impacts impacts
Sediment transport  Minor Minor
Water depth Minor Minor
Birds Raptors No measurable No measurable
impacts impacts
Passerines Minor No measurable
impacts to Minor
Coastal species No measurable No measurable
impacts to Minor  impacts to Moderate
Marine birds Minor to Moderate Minor to Moderate
Invertebrates  Benthic invertebrates Minor Minor
Shellfish Minor Minor
Plankton No measurable Minor
impacts
Fisheries Finfish Minor No measurable
impacts to Minor
Demersal eggs and Moderate
larvae
Fish habitat No measurable No measurable
impacts to Minor  impacts to Minor
Marine Marine Mammals Minor to Moderate No measurable
Mammals impacts to Moderate
Endangered Sea turtles No measurable No measurable
Species impacts to Minor  impacts to Minor
Cetaceans No measurable No measurable
impacts to Minor  impacts to Minor
Birds No measurable No measurable
impacts to Minor  impacts to Moderate

# Minor impacts are those that can be completely mitigated against or are small
enough that the resource can recover completely on its own. Moderate impacts
occur if either the impact is immitigable but the resource could recover on its own,
or if the impact can be partially mitigated and the resource could then recover on its
own. Major impacts occur if the impact is immitigable, the viability of the resource is
threatened and the resource would not fully recover.
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Finally, wind farms can remove essential habitat from seabirds.
Many seabirds have restricted areas in which they can successfully
feed and in many cases these areas are shallow sand banks
appropriate for wind farm development. If birds avoid wind farms,
then even though the footprint of a wind turbine foundation is very
small, very large areas of habitat may be inaccessible to birds. This
seems to have occurred among diving birds at the Horns Rev wind
park and long-tailed ducks at Nysted wind park. Similar patterns
are seen for terns and auks at Horns Rev, although the trends are
not significant [38].

7.2. Impacts on marine mammals

Many cetaceans use echolocation to find food and many more
communicate via acoustic signals. As a result many cetaceans,
particularly porpoises, have very sensitive hearing which can be
damaged by the loud noises associated with wind farms, particu-
larly the sounds of pile driving. At the site of construction, the
sound pressure level of pile driving a monopole for a 1.5 MW
turbine is 228 dB [39], Four-hundred meters away from pile driving
the sound pressure level is 189 dB. This would cause hearing loss in
seals. Hearing loss for porpoises would likely extend 1.8 km away
from the source. Pile driving would be audible to porpoises and
seals for at least 80 km and might cause behavioral responses up to
20 km away [39]. This sound pressure level is similar to, but slightly
less intense than that used in naval sonar which has been impli-
cated in the mass stranding of beaked whales [39]. During wind
farm operation the noise from the turbines may be detectable for
porpoises and seals up to about 1 km from the source [39].

At the Nysted Wind farm the population of harbor and grey seals
was monitored before, during and after construction. Wind farm
operation did not seem to significantly impact seal abundance,
however, piling driving operations that occurred at one foundation
site (Nysted uses gravity foundations) did decrease the number of
seals observed at a nearby breeding site. Also, while the total
annual population remained stable, after construction fewer harbor
seals were present on nearby land sites in June (the breeding
season) but more were present in July and August. This could
suggest that fewer seals are using the area around the wind farm for
breeding which could have an important effect on the viability of
the population.

Harbor porpoises were shown to occur less frequently in the area
around a wind farm during construction at both Nysted {40] and
Horns Rev [38]. Presumably this is primarily due to animals fleeing
the noise. At Homns Rev, the porpoises seemed to return following
the construction period, however, even two years later porpoises at
Nysted are less numerous then they were in baseline [38].

7.3. Impacts on fish

Wind farms could have both positive and negative impacts on
fish. These effects could cascade up the food web to have either
positive or negative effects on the birds and marine mammals that
consume them.

As with marine mammals, fish can be very sensitive to loud
sounds and could be displaced during wind farm construction:
however, there is a great deal of variability among fish auditory
systems and different species of fish will respond differently to
noise from underwater construction. Furthermore, bottom-
dwelling will be affected differently from fish swimming in the
water column due to the different propagation of sound through
sediment [39].

There have been few studies on the effects of pile driving on fish
(reviewed in [41]). In general, these studies have placed fish in
cages at various distances from the piles being driven and
measured mortality and other injuries through non-microscopic

necropsy. Abbott and Bing-Sawyer [42] studied Sacramento black-
fish and found that fish placed in cages close to the sound source
(45 m) experienced more damage than animals further away and
that damage was only found in animals exposed to 193 dB or more.
CALTRANS [43] studied shiner surfperch and steelhead and
compared damage between fish experimentally exposed to pile
driving and fish that were transported to the site but not exposed to
noise. They found that fish exposed to pile driving noise experi-
enced more damage than unexposed animals, but that there was no
significant difference in mortality rates between control and
experimental animals. CALTRANS [44] also conducted an observa-
tional study of fish mortality during pile driving for the San Fran-
cisco-Oakland bay bridge and found dead fish out to 50 meters
around the construction. Finally, Abott [45] and Marty [46] studied
the effects of a relatively small pile (2 feet in diameter) being driven
close (32 feet) to cages of shiner perch, Chinook salmon and
northern anchovies and they used control fish subjected to the
same conditions but without noise. They found no difference in
either mortality or pathology.

There have also been a few studies on the effects of noise on
stress levels in fish. Chronic noise exposure is known to increase
stress levels in humans with consequential effects on health, Smith
et al. [47] studied the effects of a continuous 170 dB noise on
corticosterone (a stress hormone) levels in goldfish and found no
statistically significant results,

More subtle effects on fish behavior could also occur. Engas et al.
[48] and Engas and Lokkeborg [49], found that the catch rate of
haddock and cod decreased in areas after air gun use but returned
to normal several days later suggesting that fish left the area and
gradually returned. Nedwell et al. [50] calculated the zones around
which salmon and cod would show significant avoidance behavior
to be 1.4 km and 5.5 km, respectively.

The only clear conclusions which can be drawn from this
research is that pile driving will effect fish; the degree of this effect
will vary and is not at all clear. Very close to pile driving some
mortality may occur for some species and fish may temporarily
leave the area.

Many species of fish are also sensitive to electric and magnetic
fields which can be caused by buried underwater cables. Fish use
their perception of electric and magnetic fields for orientation and
prey detection. Species that contain magnetic material, potentially
for navigational purposes include several species of economically
important fish including yellow fin tuna, and Chinook and sockeye
salmon [51]. There is some evidence that the fish in the area of the
Nysted wind farm may be affected by the electromagnetic fields
produced by the wind farm. Baltic herring, common eels, Atlantic
cod and flounder all showed asymmetries in the catch rate on
either side of the cables suggesting that the cables may retard
migration [38].

In addition to these negative effects, there has been some
discussion of the potential for positive impacts from offshore wind
farms on fish and fisheries. After construction of an offshore wind
farm, turbine foundations could act as fish aggregating devices
(FADs). The foundations could add three dimensional complexity to
the environment and serve as a substrate for benthic invertebrates,
thereby attracting fish. Offshore oil platforms are well known for
this property. Although monopiles lack the structure of offshore oil
and gas platforms, Wilhelmsson et al. [52] have shown that they act
as fish aggregating devices at the Yttre Stengrund and Utgrunden
wind farms. At the Horns Rev and Nysted wind farms there was no
clear difference between fish densities inside and outside of the
wind farms [38]. The difference in these results is likely due to the
different methodologies employed. The Swedish studies used scuba
divers to monitor fish while the Danish studies used hydro-acoustic
sampling. As a result, the Danish studies may have overlooked
some of the smaller species observed in the Swedish wind farms.
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7.4. Environmental benefits of offshore wind power

Wind power is considered to be among the most environmen-
tally benign sources of electricity available today and it is important
to consider the negative environmental impacts of wind power in
the context of alternative sources of electricity. For example,
concerns about the impacts of wind power on birds should be
compared to the impacts of fossil fuel use on birds on a per MW basis.

7.4.1. Greenhouse gases

The primary environmental benefit of wind power is its negli-
gible contribution to global climate change. The only greenhouse
gases produced by the establishment of a wind farm are those used
in the construction and operation of the wind farm. The greenhouse
gases released from construction and operation of an offshore wind
farm are likely to be dominated by CO; released from the ships used
in construction of the wind farm and the manufacturing of the steel
used in the turbine towers and foundations. To our knowledge
there is no estimate of these emissions for offshore wind farms, but
for onshore wind farms these emissions decrease the CO; offset by
1-2% [53]. It is not clear whether offshore turbines would have
higher or lower per MW CO, output from construction. In general,
transportation via ship is more efficient than over land, but the
operation and maintenance emissions may be higher for offshore
wind. Assuming an offshore wind turbine replaces electricity
generation from fossil sources at a rate equal to that for onshore
wind farms, then each MW of wind capacity should displace about
1800 tons of CO; per year [54].

Itis extremely difficult to predict the effects of climate change per
ton of CO,. While we can predict a per MW bird mortality associated
with wind power, we cannot make a comparable prediction for fossil
fuel use. Studies have indicated that climate change may be associ-
ated with high rates of species extinction. Climate change is pre-
dicted to cause between 11 and 45% of all species to become extinct
[55]. For birds, the subject of so much concern over wind power, it is
estimated that 950-1800 species of terrestrial birds (out of 8750
studied) will be threatened due (in part) to climate change [56). It is
critically important, however, that there has been very few studies of
the adaptation of biodiversity to climate change, thus these esti-
mates must be taken as preliminary [57]. Still, the fact that climate
change may imperil the survival of species, especially species
endemic to high and low altitudes and latitudes and restricted
geographical ranges, is in contrast to wind power which has no
demonstrated population or species level effects on biodiversity.

74.2. Water

In many parts of the U.S. water resources are stressed. The six
world climate models used in the Intergovernmental Panel on
Climate Change (IPCC) generally predict that the U.S. will become
drier by 2050, One of the models predicts that precipitation over
virtually the entire U.S. will decline by over 30% while the other five
models show more modest declines [57]. Forty-eight percent of
total water withdraws and nine percent of total water consumption
(68 billion liters per day) is used by thermoelectric power plants
(powered by coal, natural gas, nuclear, oil and biomass; [9]).
Ethanol production also uses large quantities of water, from 3.5 to
61 of water for every liter of ethanol produced [58]. Wind power
directly uses no water. Per kW h, the amount of water used in fossil-
fueled plants ranges from about 0.2 to 0.6 gallons depending on the
technology employed [59]. Assuming a 40% capacity factor, 1 MW of
offshore wind power can offset the use of between 0.7 and 2.1
million gallons of freshwater per year.

7.4.3. Value of ecological benefits
Onshore and offshore wind have nearly identical ecological
benefits on a per MW h basis. We can attempt to place a dollar value

on the ecological services, in terms of water unused and carbon not
emitted, of offshore wind power relative to traditional fossil-fueled
power. The actual costs of offsetting a ton of carbon are not known,
but governments have set up trading systems in which offsets are
exchanged. The costs of these offsets will be set by supply and
demand, and are expected to increase in the future. Current prices
for the offset of one metric ton of CO; are around $30. Each MW h of
coal-fired electricity produces 0.839 metric tons of CO; [60}. Thus,
per MW b, the value of avoided CO, emissions may be about $25.

8. Ecological mitigation
8.1. Mitigation through site selection

Potential sites are avoided due to their potential impacts on the
environment. Certain areas are known to be bottlenecks on the
migratory routes of large numbers of birds. Cape May, New Jersey,
Delaware Bay, Grays Harbor Washington, Point Reyes, California,
and the Barrier Islands of Louisiana are all important areas for avian
migration and may be considered unacceptable for offshore wind
power development. Similarly, planners for the LIOWP took the
migration routes of Right Whales into consideration in selecting
a site. Whale migration routes will likely need to be considered on
the Pacific coast as well.

Placing offshore wind farms near nesting sites for seabirds may
also be ecologically hazardous. Seabirds gererally avoid using the
Horns Rev wind farm and direct mortality from collision with
turbines is relatively rare and in many cases not significant.
However, because seabirds avoid entering offshore wind farms,
their existence may reduce available foraging habitat or force birds
to expend energy to fly around the wind farm. Both of these could
have population level impacts on bird species. Offshore wind farm
construction could also have similar impacts on nearby populations
of marine mammals.

From the perspective of conserving biodiversity, it is perhaps
most important for developers to avoid areas considered essential
habitat for threatened or endangered species. The endangered
species act requires that critical habitat for any listed species be
identified and it requires federal agencies that permit activities
consider the effects of permitting on these habitats. While there are
procedures in which the government may permit activities that are
detrimental to the critical habitat of an endangered species, it
would seem prudent for developers to exclude critical habitats of
endangered species from development plans, if not out of
a perceived ethical responsibility for conservation, then out of the
risk of the failure of the permitting process and the associated
financial losses,

The areas of critical habitat for species managed by NOAA are
listed at http://www.nmfs.noaa.gov/pr/species/criticalhabitat.htm
and species managed by FWS are listed at http://crithab.fws.gov/.
The critical habitat of the North Atlantic Right Whale and the Stellar
Sea Lion, both managed by NOAA, are the most likely to influence
offshore wind placement. The critical habitat of the North Atlantic
Right Whale includes areas off the coast of southern Georgia and
the Atlantic Coast of Northern Florida as well as areas off the
Northern and Eastern coasts of Cape Cod. The areas of critical
habitat that may conflict with offshore wind power development
for the Stellar's sea lion consist of five small zones off the coast of
northern California and Oregon.

The impacts on local culture should also be considered. One of
the primary criticisms of the Cape Wind project is that it will spoil
the views from historic areas. Similarly, some areas of interest for
offshore wind development may be located near shipwrecks. These
issues should be noted by wind power developers for two reasons,
First, the MMS, in their guidelines on development of the OCS,
adopted a policy of consulting with State Preservation Authorities
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before permitting development and it is therefore possible that
MMS would decline a permit for offshore wind energy if there were
significant cultural issues. Secondly, even if MMS were to allow
development, construction can be seriously slowed by local
community resistance. For example, the Cape Wind project will, if
completed, have taken at least a decade to develop and have
required at least one protracted legal battle (Alliance to Protect
Nantucket Sound v. United States Army). In contrast, WEST's plans to
build a wind farm off the coast of Texas have proceeded rapidly,
despite less favorable wind conditions. This may be due to accep-
tance by the local community, many of whom are familiar
with offshore structures from experience with the oil and gas
industry [13].

8.2. Mitigation through technology

Most of the offshore wind turbines constructed to date have
used monopole foundations. The ecological effects of the piling
operations are a concern, however, there are alternavites to pile-
driven foundations. One option would be to use gravity founda-
tions, as were used in the Nysted and Middlegrunden wind farms.
Gravity foundations are simple concrete structures with large
diameter bottoms that rest on the sea floor. They weigh thousands
of tons and use their weight to stabilize the turbine. Gravity
foundations do not require piling operations and therefore have
less potential to disturb marine mammals and fish. Also, gravity
foundations have more three dimensional structure than monop-
iles; this may provide additional habitat for benthic organisms.

Another alternative would be to use suction foundations, such as
those considered in the Beatrice demonstration project. Suction
foundations are simple steel baskets that are placed on the seafloor
and form a seal with the ocean bottom. Suction is then applied to
the inside of the basket and the resulting pressure difference causes
the basket to bury itself in the sediment, much like a driven
monopile. Again, installation is much quieter allowing for fewer
environmental effects.

Technologies are also being developed to allow the use of
deeper water. Using deeper water would allow offshore wind farms
to be sited further from shore, increasing the wind speed and
decreasing the possibility of conflicts with local human and animal
populations. A survey conducted in New Jersey showed visitors and
residents simulated images of offshore wind farms at varying
distances from shore and found that as the distance increased the
percentage favoring development increased [61]. Deep .water
turbines could be placed over the horizon and thus be invisible
from shore. This would also decrease their impact on seabirds
which generally do not feed in the open ocean, and on migratory
birds, which, with the exception of birds flying over the GOM, do
not migrate over open ocean. Additionally, these turbines are
placed on floating foundations that will likely have fewer envi-
ronmental impacts during construction.

One of the leading developers of floating foundations for
offshore wind turbines is Blue H Technologies. They have recently
installed an offshore wind turbine in 108 m of water 20 km off the
coast of Italy and also applied to MMS for a permit to study the
potential for a wind farm 23 miles off the southern coast of Cape
Cod. If this technology becomes economically viable it could
decrease conflicts with coastal communities and would lessen the
environmental impacts of wind farms.

9. Conclusion

The higher economic costs of offshore wind power relative to
onshore wind power could be justified if the ecological or social
costs of offshore wind were significantly different from onshore
wind power, but this seems not to be the case. Both on and offshore

wind power face local opposition due to user conflicts. The
ecological impacts of offshore wind power affect a very different
ecosystem than onshore wind power and, as a result, their
ecological impacts are not directly comparable. However, like
onshore wind, it is clear that offshore wind power does have
ecological impacts with the potential for population level effects.

Decreasing commodity costs or legislation capping greenhouse
gas emissions could increase the profitability of offshore wind but
would not change the fact that onshore wind will be a less expensive
alternative, even when transmission costs are included. Until land
use conflicts in high-wind onshore sites become severe, or the
technology develops so that the higher offshore winds balance the
higher costs of installation, there seems to be little incentive for
a large offshore wind industry in the U.S. In sum, we do not envision
offshore wind producing a significant portion of the U.S. electricity
production until at least 2020.

It is much more difficult to analyze the ecological and economic
costs and benefits of offshore wind power relative to fossil-fueled
power. Including a premium on coal-fired power of $25/MW h to
offset emissions may make coal and offshore wind power nearly
price competitive, depending on the specific capital costs of
offshore wind. This $25/MWh premium would give coal and
offshore wind similar greenhouse gas emissions, however, coal
would still use more water than offshore wind and would be
associated with significant health effects. However, this would be
balanced against the ecological impacts of offshore wind in terms of
bird and bat mortality and marine mammal impacts. Thus, it is not
clear that offshore wind is preferable to coal-fired power, if the
emissions from the coal plant are offset.

Based on the analysis in this paper, it seems clear that the
economic and ecological costs of offshore wind power are site
specific. These costs can be mitigated with current technology and
detailed site selection. It therefore seems imprudent to conclude
that all offshore wind development is inferior to all onshore wind
development or fossil-fueled power. Instead, a more nuanced
approach which weighs the site specific costs and benefits of
offshore wind power is necessary. In some cases, offshore wind
power may be able to cheaply produce electricity with negligible
environmental impacts, however, in many more cases, offshore
wind power will be more expensive than its competitors, even
when the costs of carbon offsets are included.
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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 x 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 us
duration; Mghl and Andersen 1973, Teilmann ez 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
e 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.

1748-9326/12/045101+10$33.00

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.

© 2012 IOP Publishing Ltd Printed in the UK
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Figure 1. Study area with Nysted and Rgdsand 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 470000
British homes. This wind farm cover 100 km” 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 ef 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 (Rgdsand 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
Rgdsand), 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 Rgdsand 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
(Schonheiders 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 ws) 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~'). 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 us.
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 us and
sounds longer than 2550 us 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 8112
Noise filter — +
Scan limit 240 None
Minimum click length (us) 10 10
Switch angle 254 75

@ 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 wus 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 uPa.

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 ef 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 x;, 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 — N{x; > 0}
Y total

Total number of minutes

CPPM = Clicks per Porpoise Positive Minute
1

Nix, > 0} x;x"

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 x; 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 x;. 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.

e 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(u + 02/2)?
Daily frequency (CPPM) Angular—sin*1 (OVa)) Normal sin”(1)

Encounter duration Logarithmic—log(y) Normal exp(u + 02/2)?
Waiting time Logarithmic—log(y — 10) Normal exp(u + 02/2) + 10

4 The back-transformation of the logarithmic transformation can be found in e.g. McCullagh and

Nelder (1989), p 285.

e 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.

e 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:

Wijkl = area; + periodj + area; x periodj + monthy + area;

x monthy + periodj x monthy + area;
(D

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

xperiod; x monthy + podtype;.

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(I,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 er 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 x 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:

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

E[Impact, baseline]
E[Control, baseline]
X
E[Control, post-construction]

(@)

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.

Click PPM PPM

Fixed effects DFs F P DFs F P

Area 174.6  26.04 <0.0001 1127  101.05 <0.0001
Period 583.4 1.98 0.0901 5133 17.13  <0.0001
period x area 572.5 4.37 0.0016 5122 7.10  <0.0001
Month 11221 423  <0.0001 11325 15.38  <0.0001
Podtype 1165 8.67 0.0037 1208 30.62  <0.0001

Encounter duration Waiting time

Fixed effects DFs F P DFs F P

Area 128.1 296  0.0964 1659 5722 <0.0001
Period 538.8 312 0.0185 586.5 9.50 <0.0001
Period x area 529.1 1.30  0.2893 568 3.65 0.0055
Month 1137 124 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 x month x 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 x month, period x month and area x period x 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~! in February to
56 clicks min~! 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~' 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 BACT 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
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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—operationl  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
Operationl—operation3 127%  0.2215 55% 0.0596 88% 0.4400 151%  0.3224
Operationl—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 ef 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 20006,
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 (Rgdsand 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 Rgdbyhavn 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 Rgdsand 2 wind farm)
and is therefore less likely to be influenced by Rgdsand 2
than Nysted wind farm. The gradual return of the porpoises
to Nysted wind farm started before Rgdsand 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 Rgdsand 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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Letters

MARINE MAMMAL SCIENCE, 34(1): 265-270 (January 2018)
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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 ((s), Scottish Oceans Insti-
tute, East Sands, University of St Andrews, St Andrews KY16 8LB, Scotland; JONAS
TEILMANN (15), Marine Mammal Research, Department of Bioscience, Aarhus University,
Frederiksborgvej 399, DK-4000 Roskilde, Denmark; LA1A ROJANO-DONATE ([5), 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 (]s), Sound and Behaviour Group, Institute of Biol-
ogy, University of Southern Denmark, Campusvej 55, DK-5230 Odense M, Denmark;
URrsura S1eBERT (=), 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 ez al.
2016) has sparked an interesting discussion that has been thoughtfully summarized
by Hoekendijk ez @/. (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

1Corresponding author (e-mail: danuta@stanford.edu).
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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 #/. (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 ez #/.’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 e /. (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.

Deployment Standard ~ Tag duration  No. of feeding ~ Buzzes

1D Sex date length (cm) (h) buzzes per hour
hpl6_316a d 11 Nov 2016 113 39.1 (39.5) 5,715 146
hpl3_102a d 12 Apr 2013 114 22.7(23.7) 3.405 162
hpl2_272a 9 28 Sep 2012 122 17.8 (21.9) 1,821 106
hpl3_170a d 19 Jun 2013 122 15.3(15.3) 1,222 60
hpl4_226b d 14 Aug 2014 126 19.8 (20) 3,234 153
hpl2_293a @ 19 Oct 2012 163 16.4 (17.7) 1,346 86
hpl5_116a 9 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 houtly 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 ez #/. 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 ¢z a/. 2003). These numbers are consistent with stomach
content analyses (Leopold 2015, Andreasen ¢ /. 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 ez /. 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 ez «/. 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 ez /.’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, bence, 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 ez #/. 1997, Chris-
tiansen ¢f /. 2005, Ross ¢ a/. 2016). While our tag data represent a brief period of
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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 ez «/. (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 () and the
following 15.5 h (n,) 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.

monitoring for each animal, stomach contents represent an even shorter interval of
foraging spanning a maximum of 5 h (Christiansen e «/. 2005, Ross ez al. 2016).
This rapid digestion process contributes to the scarcity of data from stranded animals,
which are often found with empty stomachs (Neimanis ez #/. 2004). Consequently,
most inferences about porpoise diet are based on stomachs from individuals bycaught
in fishing nets (but see, e.g., Andreasen ¢ /. 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 «/. 2005, Ross et a/. 2016), possibly as fast as within an hour for the
1-1.5 mm otolith of a 5 cm black goby (Gobius niger) (Harkonen 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 ¢ #/. 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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Finally, we wish to clarify two important misapprehensions of Hoekendijk ez a/.
(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 ez «/. (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 pPa (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

© 2018 The Author(s) Published by the Royal Society. Al rights reserved.
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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 @ adult @ juvenile &' juvenile &' juvenile &' adult @ adult @
(with a calf) (with a calf)

standard length (cm) 12 R 114 w1 7 163

handling time (min) 15 3 55 35 7.5 12 10

recording duration (h) 209 177 B7 153 a7 3 19

time to first foraging buzz 41 14 1 0.1 0.2 0.6 0.2

(h)

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 (hpl5_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 wPa (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 Ly
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 (hpl2_272a), only
low-level vessel noise was recorded, the remaining animals
experienced occasional high TOLs associated with vessel
passes (maximum 1min 16 kHz TOLs of 102-118dB re
1 pPa 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 TOL,, 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 TOL,o 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 coumt L o SO S - S - S
number of minutes analysed 897 907 1160 306 690 700 493
buzz-positive minutes 35_2‘ (39.2%‘) 532 (5_8.7%) - ,565 (48.7%) - 217 (7_0.9%) N 5_23 (75.8_%)‘ - ‘402_ (57.4%) v 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 (747%) 441 (95.0%) 103 (88.8%) 140 (34.9%) 98 (434%) 66 (55.0%)

vessel noise exposure rate (%) v .37 . 70 89 17 18 89 66
vessel noise exposure rate-day/ 5117 55/81 88/92 3/87 22/10 88/93 77/45
night (%)
(0) POTpOiSE behaviour during high_|eve| exposures 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

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
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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), (i) 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. TOL;. VET gives per
cent of audible vessel exposure time. (h) Distributions of 1 min TOL;, noise levels within the three categories with all individuals pooled.

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 0.5s 16 kHz TOL
increased to 100 dB re 1 wPa, 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_226Db), 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 0.5s 16 kHz TOL of 107 dB re
1 pPa 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
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.

series of permutation tests, which compared the buzz count majority of activity-related flow noise in the 16 kHz third
and total buzz duration in minutes with high- and low-level octave band was below 90 dB re 1 wPa (figure 2; electronic
noise. This requires defining a threshold to separate high- supplementary material, table S2), making 96 dB the lowest

and low-noise intervals. When averaged over 1 min, the vast 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 wPa 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 pPa for three animals and at 102 dB re 1 pPa 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 pPa (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, n

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 [22,4243],
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 pPa 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 5cm 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 x 17 x 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 uPa
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 = 512, 75%
overlap) computed over consecutive 5 s segments of the data. A
corresponding dive profile was displayed in the same plot (for
MAaTLAB 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 0.5s 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 s 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 L 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 0.5-30s) 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 2m 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 | 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 s *. 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 10* replications.
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