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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
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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
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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. '

Acknowledgements. We are grateful to CGregers Glendorf,

Svend-Erik Rasmussen and Jan Simonsen from the cutter
MS Amlgo for help with the- T-POD deployrnents and their
invaluable expertise-on ofishore equipment. We thank our
colleagues Susi Edrén and Themas Dau Rasmussen for help in
the field, Ib Krag Petersen for providing the map, and Jakob
Tougaarci {or constructive dis¢ussions on the acoustics, Nick
Tregenza [Chelonia) is acknowleclged for kind and prompt
responses related to the T-PODs. We thank Charlotie Boesen;
Per Hielmsted Pedersen, Hans Ohrt and Perniile Holm Skyt
‘from Energi E2 A/Sfor valuable comments on the manuscripl
and providing all necessary information and-suppost in re-
lation to the constriiclion work, These investigations were
funded by Danish public service ohhgahom urider contract
‘with Energl B2 A8 The manuscript was improved by
valuable comments by anonymousreviewers, .

LITERATURE CITED

Akamalsu T, Hatakéyama Y, Kojima T, Soeda H {1994) Echd-

location rates of 2 harbor porpoises- {Phocoena phocoena).
Mar Mamm Sei 10:401-411

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

Au WWL, Kastelein RA, Rippe T, Schooneman NM {1999)
* Transmission beam pattern and acholotation signals of &
‘harbour perpaise (Phocoena phocoena). F Aconst Sec Am
106:3699-3705

AuWWL, Ford JKE, Horne JK, Allman KAN (2004) Echoloca-
tion signals of free-ranging killer whales (Oreinus orca)
and modeling of foraging for chinook saimon (Onéo-
rhynchus tshawyischa). J Acoust Soc Am 115:901~909

Bach 3. Teilmaen J, Henriksen OD {2000} Environmental iin-
pact assessmient (E1A) of offshore wind farms af Redsand
and. Ome Stilgrunde, Denmark. Virum, Rambell (also
available at: www.nystadhavmoellepark.dk/upload/pdi/
Ramboll 2, Pebr,pdf)

Barlow J (1988) Larbor porpeise, Phoceerd phocoena; dbun-
dance estimation for California, Oregon. and Washmgton
L Sth surveys. Fish Bull (Seattie) 86:417-432°

Bishop MJ, Underwood AJ; Archambault P {2002) Sewage
and environmental impacts on rocky shores: ‘necessity of
idéntifying relevant spatlal scales, Mar Ecol ng Ser 236
121-128

Chatifeld C (1984} Thi¢ analysis of time sériés—an introduc-
tion, 3rd edn, Chapman & Hall, London

Cox TM; Réad AJ, Solow A, Tregenza N (2001} will har-
bour porpoises (Phocoena phocoena) habituate to pingers?
J Cetacean Res Mdnag 3:81-86

Lulik BM, Koshinski S, Tregenza N, Graeme ME (2001) Reac-
tions of harbor porpoises (Phocoena phocoena) and her-
Ting {Clupea haréngus) to.acGustic alarms, Mar Ecal Prog
Ser 211255260

Green RH {1979) Sampling design and statistical methods for

erivironmental bidlogists. Wiley, New Yorlk

Green RH [1993) Application of r¢peated-measures designs
in étivironmental-impact and monitoring studids. Avst J
Ecol 18:81-98:

Hammond P, Benke I1; Berggren P, Borchers DL and 7 others
{2002) Abundance of harhour porpoises and other ceta-
ceans in the Norlh Sed and adjacent waters. J Appl Ecol
34:361-376

‘Heide-Jergensen M, Mosbech A, Teilmann J, Benke- H,

‘Schisllz W {1992) Harbour porpoise [Phocoena pbocoena}
densilies oblained from aerial surveys north of Fyn and in
the Bay of Kiel. Ophelia 35:133-146

Heide-Jorgensen M, Teilmann J, Benke T, Wulf J (1993)
‘Abundance and chstnbutmn of harbour parpoises, Phoco-
ena phocoena, it selecigd areas of the western Baltic and
the North Sea. Helgol Meeresunlers 47:335-346

Fliby AR, Hammond PS5 {1989) Sutvey techniquies for estimat-
ing abundance of celaceans. Rep Int- Whal Comm Spec
Issue $1:47-80

Koschiinski § {2002) Current lmuwledge on the harbour por-
poises (Phocoena phocoena) in the Balilc Sea. Ophelia 55;
167-197

Koschinski S, Culik B, Tenriksen O, Tregrenza N, Blis G,
Jansen. C, Kathe G {2003) Behavioural Teactions of' flae-
ranging porpoises and sedls to the noise of a-simulated
2 MW -windpower generator: Mar. Ecol Prog : S_er 2652
363273 ) _ '

Lewis. L), Davenport J, Kelly TC {2002) A study of the im-.
pact of a pipeline construction.on estuarine henthic inver-



308 Mar Ecol Prog Ser 321: 285-304; 2006

tebrate commurnilies. Estuar Coast Shelf 3¢ 55:215-221

Littell RC, Milliken GA, Stmup WW, Wolfinger RD (1996 5AS
system [or mixed mbdels. 3AS Instilute, Cary, NC

McCullagh P, Nelder JA (1989) Generalized linear models,
2nd edn. Monographs on statistics and applied proba-
bilily, 37. Chapman & Hall/CRC, Buea Raton, FL

McCulloch CE, Searle SR (2001] Generalized, linear, and
mixed madals. Wiley saries in prgbablbiy and statistics.
Wiley, New York o

Mphl B, Andersen & (1973) Echolocation: high-frequency
component in the click of the harhour pbrpoide (Phocoena
ph. L.} J Acoust Soc Am 54:1368-1373

Pallia D {1096) Lffects of Beauforlsea state on the sightalility
of harbor porpoises in-the Gulf of Maine, Rep Int Whal
Commi 46:575-582

Rosenberg R, Nilsson HC, Gremare A, Amouroux M [2003)
Effects.of deniersal trawling on marine sedimentary habi-
tats analysed by sediment profile imagery. J Cxp Mar Bid]
Ecol 285:465-477

Schratzberger M, Dinmore TA Jennings § (200&) Impacts of
trawling on the diversily, biginass and structure-of meio-
fauna-assemblages, Mar Biol 140:83-93

Teilhann .} {2000) The hehaviair and sensory abililies of
harbour porpoises {Phocoena phocoena) in relation to by-

caich in gilinet fishery. PhD thesls, University of Southern

T3enmark, Odense '

Teilmann. J [2003] influence of sea state on densily estimates
of harbour porpoises (Phoceénad phiceena), J Cetackan
Res Manag 5:85-92

Teilmann J, Henriksen OD, Carstensén J, %ko\? 1 {2002) Mon-

Ediforial responsibility: Howard ). Brownian (Assaciafe,
Editoi-in-Chief), Storeba, Norway

itoring effects of offshore wind farms on harbour porpoises:
usitig PODs (porpoise detectors), Tech Rep. National Ervi-
ronmental Research Instilute, Roskilde {also-available at:
htipi//www.hoinsrev. dk/Engelsk/default ié.him)

Teilmann J, Dietz R, Larsen F, Desportes G and 5 others
(2004) Satellitsparing af marsvin i danske og filstedende
farvande. Tech Rep. National Environmental Reséarch In-
stitute, Denmark, Roskilde. (In Banish with English sum-
niary.) (Also available at: KUp//www2.diu.dk/L_viden/2_
Pablikationer/3_fagrapporlet/rapporler/FR484_samlet.pdf)

Teilmann J, Tougadrd J, Miller L, Kirketerp T, Hansen K,
Laliberié § {2006a) Reaction of captive harbour porpoises
{Phocoena phocoena) to pinger:like squnds. Mar Mamm
Sl 221240260 '

Teilmann I, Larsen T; Desportes G (2006b) Time aliccation

and. diving behaviour of harliour porpoises (Phocoens
phocoena) in Danish'and adjacenl waters. J Cetacedn Reg
Manag (in press)

Tliomsen F.-van El N; Broék V, 1)1per W (2005} On the perfor-
mance .of -automated porpoise- -click-detectors in exper-
ments with captive harbor porpoises (Phocoena phocpena)
{1}, J Acoust Soc Am 118:37-40

Underwood AJ {1984} On beyond BAC,l sampling designs
that m1ght reliabily. delect environmental disturbances.
Ecol Appl 4:3~-15

Urick RJ (1983) Principlés of ubderwatéer sound, McGraw-
I1il, New York:

Wiirsig 1, .Greene CR Jr, lefferson TA {2000] Development
ot an air Bubble curtdin te redisce tnderwaler noise of
percussive piling, Mar Environ Res 49:79-93

Submitied: July 14, 2004; Accepted: January 21, 2006
FProals received from author(sl: August. 16, 2006



