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ABSTRACT: O ffshore w ind  farm ing  is a  n ew  em erg in g  techno logy  in  the  field of ren e w a b le  energ ies. 
This study  investiga tes the  po ten tia l im pact of the  construction  of one of the  first m ajor, offshore w ind  
farm s (>100 MW) on h arb o u r porpoises Phocoena phocoena  by  m eans of acoustic porpoise detectors 
(T-PODs) m onitoring  porpoise écholocation  activity. T he m onitoring  p rog ram  w as es tab lish ed  as a 
m odified  BACI (before, after, control, im pact) design , w ith  6 m onitoring  stations equa lly  d istribu ted  
b e tw e en  th e  im pact a re a  an d  a n ea rb y  refe ren ce  area . M ean  w aitin g  tim es, defin ed  as th e  period  
b e tw e en  2 consecutive en coun te rs  of écholocation  activity, in c reased  from  6 h  in  the  b ase lin e  period  
to 3 d  in  th e  w ind  farm  a re a  du rin g  th e  construction . This in c rease  w as 6 tim es la rg e r  th a n  ch an g es 
ob se rv ed  in  th e  re fe ren ce  area . O ne specific construction  activity, involving the  ram m ing  an d  
v ib ration  of steel shee t p iles into th e  seabed , w as associa ted  w ith  an  add itiona l significant inc rease  in 
w aiting  tim e of 4 to 41 h, in  bo th  the  construction  an d  re fe ren ce  areas. A ssum ing th a t écholocation  
activity  is re la te d  to h a rb o u r porpoise density , th e  analysis show s th a t the ir h ab ita t-u se  ch a n g ed  
substantially , w ith  the  porpoises leav ing  the  construction  a re a  of th e  offshore w ind  farm . A coustic 
m onitoring  from  fixed positions prov ides d a ta  w ith  a h ig h  tem poral resolution , b u t low  spa tia l re so ­
lution, w hich  can  b e  ana ly sed  at a  varie ty  of scales, an d  can  b e  ap p lied  to h a rb o u r porpoises an d  
o ther echo locating  ce taceans.
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INTRODUCTION

O ffshore w in d  pow er is a rap id ly  e x p a n d in g  industry  
in  N orthern  E urope, w h ere  several la rg e  offshore w ind  
farm s are  u n d e r construction  in  n ea rsh o re  w aters, 
m any  hav ing  h ig h  d ensities of m arine  m am m als. The 
construction  an d  opera tion  of offshore w in d  farm s are 
d is tu rb in g  th e  m arine  env ironm ent, an d  as such pose a 
po ten tia l th rea t to m arine m am m al hab ita ts . In p a r ­
ticular, shallow  a reas  a re  b e liev ed  to b e  im portan t to 
th e  h a rb o u r porpoises Phocoena phocoena  for calv ing  
a n d  nu rsin g  (Koschinski 2002). T he la rg est offshore 
w ind  farm s today  consist of up  to 80 w ind  tu rb ines 
covering  som e 20 to 30 km 2. F oundations a re  e ither 
steel m onopiles d riven  into the  se ab e d  w ith  la rg e  pile

drivers, or concrete  g rav ita tiona l foundations p laced  
on p eb b le  cush ion  layers. T he m ajor d is tu rb an ces to 
m arine  m am m als arising  from  the  construction  are 
no ise from  ram m ing  an d  o ther bu ild ing  activities, 
boats  an d  b arges, w h irled -up  bo ttom  sed im ents, and  
d es truc tion  of bottom  flora an d  fauna. H itherto , the 
im pacts of offshore construc tion  w ork  on h arb o u r p o r­
po ises or o the r sm all ce tacean s  h av e  not b e e n  stud ied  
in  detail. G iven the  ex tensive  p lans for ex p an d in g  the 
offshore w in d  en e rg y  sector, it is im portan t to know  the 
effect of single w ind  farm s as w ell as th e  cum ulative 
effect of several w ind  farm s w ith in  th e  ran g e  of each  
m arine  m am m al population .

In 2002 an d  2003, th e  N ysted  O ffshore W ind Farm  
w as construc ted  in  a coasta l shallow  a re a  (betw een  6
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Fig. 1. N ysted Offshore Wind Farm in the w estern  part of the Baltic Sea. The 72 w ind turbines (x) are placed in  a 8 x 9 grid. 
Foundation A8 (southw estern corner), w here the sedim ents w ere stabilised w ith steel sheet piles, is located in  the southw estern 
corner of the w ind farm. (•) Positions of porpoise detector (T-POD) deploym ents (Imp. W, E, N = 3 stations exam ined in  im pact 

area, Ref. N, M, S = 3 stations in reference area). D epth contours (m) are shown

a n d  9.5 m  depth) in  the  D anish p art of the  w este rn  
Baltic S ea 5 4 °3 0 'N , 11° 4 0 'E (Fig. 1). T he sea  floor 
consists of g lacia l depositions m ade  of sand /silt w ith  
sc a tte red  stones. T he w ate r is b rack ish , an d  salinity 
varies w ith  the  surface outflow  from  th e  Baltic S ea an d  
m ore sa line w a te r  in trusion  from  the  N orth  Sea 
th ro u g h  th e  K attega t an d  the  Belt Sea. T idal am plitude 
is less th a n  0.5 m  b u t strong  w inds m ay ch an g e  w ate r 
d ep th  by  an  add itiona l 1 to 2 m. In a  8 x 9 g rid  covering 
a to ta l of ca. 24 km 2 72 w ind  tu rb in es (2.2 M W  each) 
w ith  concrete  g rav ita tiona l foundations p laced  on 
p eb b le  cush ion  layers, w e re  construc ted  (Fig. 1).

T he only d ed ica ted  surveys for h a rb o u r porpoises in 
th e  w este rn  Baltic a re a  w ere  ca rried  out du rin g  the 
sum m ers of 1991, 1992, an d  1994 abou t 30 km  w est 
of th e  w ind  farm  area , w h ere  an  av erag e  density  of 
0.10 porpoises k n r 2 w as found  (H eide-Jo rgensen  et 
al. 1992, 1993, H am m ond  e t al. 2002). H ence, th e  w ind  
farm  a re a  is located  b e tw e en  a re la tive ly  h ig h  density  
a re a  inc lud ing  th e  K attega t an d  th e  G rea t Belt 
(0.73 porpoises k n r 2, H am m ond  e t al. 2002) an d  the 
low  density  Baltic P roper w ith  <0.01 porpoises k n r 2 
(Koschinski 2002). In fact, th e  h ig h est density  of h a r ­
bou r porpoises (4.9 porpoises k n r 2) for E urope w as 
rep o rted  in  a  sm all-scale study  in  th e  Belt Sea located  
abou t 100 km  from  th e  w ind  farm  a re a  (Teilm ann 
2003). H arbour porpoises w ere  regu larly  seen  th ro u g h ­
out th e  y ea r d u rin g  ae ria l b ird  surveys conduc ted  in

th e  w ind  farm  a re a  befo re  the  construction  w ork 
s ta rted  (Bach e t al. 2000). S atellite track in g  of 52 h a r ­
bou r porpoises in  the  inner D anish w ate rs  du rin g  1997 
to 2002 has show n th a t the  w ind  farm  reg ion  is re g u ­
larly  v isited  for short periods at a tim e, b u t th a t th e  n o r­
m al h a rb o u r porpoise hom e ran g es  a re  several o rders 
of m ag n itu d e  la rg e r th a n  th e  w ind  farm  a re a  (Teil­
m a n n  e t al. 2004). T he h arb o u r porpoises in  the  w e s t­
e rn  p a rt of th e  Baltic Sea are  m ost p robab ly  p a r t of a 
g re a te r  popu la tion  inc lud ing  the  Belt S ea an d  the 
K attega t (Teilm ann e t al. 2004).

H arbour porpoise m onitoring  has trad itionally  b ee n  
ca rried  out by  m eans of sh ipboard  surveys to calcu late  
a rea- an d  tim e-specific densities. B ecause of th e  few  
v isual observa tions du rin g  pilot surveys in  th e  area , it 
w as a rg u e d  th a t th e  sta tistica l pow er of th is m ethod  
w ou ld  b e  low  (Bach et al. 2000). Instead , w e  have  e m ­
ployed  a novel device, the  T-POD (The PO rpoise D e­
tector) a se lf-con tained  acoustic d a ta  logger (Thom sen 
e t al. 2005), w hich  m onitors th e  h a rb o u r porpoise é c h o ­
location  activity continuously  at fixed positions. The 
T-POD w as chosen  for this im pact study, assum ing  th a t 
écholocation  activity w as re la ted  to h a rb o u r porpoise 
density , as su g g ested  by th e  study  of K oschinski et 
al. (2003), b ecau se  it p rov ided  a w ea lth  of d a ta  at a 
rea so n ab le  cost.

T he objective of th e  p rese n t study  w as to assess and  
docum en t th e  im pact of th e  construction  of th e  N ysted
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O ffshore W ind Farm  on h arb o u r porpoise density  by 
describ ing  (1) ch an g es in  h a rb o u r porpoise écho loca­
tion  activity  re la ted  to the  w hole construction  period  
(m edium -term  response), an d  (2) ch an g es in  h a rbou r 
porpoise écholocation  activity re la te d  to steel sheet 
p ile d riv ing /v ib ra tion  at a sing le w ind  tu rb in e  fo u n d a­
tion  (short-term  response). L ong-term  responses to the 
opera tion  of th e  w in d  farm  will be in v estig a ted  in  the 
com ing years.

MATERIALS AND METHODS

T he construction  of the  N ysted  O ffshore W ind Farm  
b e g a n  in  m id -Ju n e  2002 an d  con tin u ed  un til the  w ind  
farm  w as p u t into opera tion  on 1 D ecem ber 2003. M ain 
activities inc luded  excavation  for, position ing  an d  b a l­
last-filling  of concrete  foundations (June 2002 to Ju n e  
2003), m oun ting  of w in d  tu rb ines (May to Ju ly  2003), 
a n d  d igg ing , lay ing  an d  covering  of the  connecting  
pow er grid  (A ugust 2002 to N ovem ber 2003). A round  
1 of th e  72 foundations (A8, Fig. 1), th e  se ab e d  h a d  to 
b e  stab ilised  w ith  steel shee t p iles th a t w ere  driven  
into the  sed im en ts u sing  a pile d river an d  a barg e - 
m oun ted  vibrator. This activity  o ccu rred  interm ittently , 
w ith  e ith e r th e  v ib rato r or th e  pile d river in  continuous 
opera tion  for periods of 1.5 to 10 h  for a  total of 25 d 
from  26 A ugust to 20 N ovem ber 2002. T he sta rt an d  
e n d in g  of th e  ram m ing /v ib ration  activity w as reco rd ed  
exactly  to th e  m inute. A coustic h a rassm en t devices 
(harbour porpoise p in g e r an d  seal scarer) w ere  e m ­
p loyed  n ea r  (<200 m) th is foundation  from  30 m in b e ­
fore an d  up  to th e  e n d  of th e  ram m ing /v ib ration  ac ­
tivity. A m bient noise levels from  construction  activities 
a n d  h ara ssm en t dev ices w ere  not m easu red . P relim i­
n ary  activities in  th e  im pact a re a  up  to 1 Ju ly  2002 
w ere  considered  n eg lig ib le  an d  at least not su b s tan ­
tially  d ifferen t from  th e  norm al boatin g  activity, 
w h e rea s  construction  activities from  Ju ly  2002 to N o­
vem b er 2003 w ere  hypo thesised  to h av e  a p o ten tia l 
im pact on  h arb o u r porpoises Phocoena phocoena.

T-POD m onitoring. T he T-POD is a se lf-contained  
subm ersib le  com pu ter an d  hyd ro p h o n e  th a t rec o g n i­
ses an d  logs écholocation  clicks from  porpoises an d  
do lph ins (Thom sen et al. 2005). C licks (click du ration  
an d  rep e titio n  rate) w ith in  th e  ap p ro p ria te  frequency  
b an d s  of the  h a rb o u r porpoise écholocation  spectrum  
are  lo g g ed  an d  can  b e  re triev ed  from  the  T-POD to a 
PC d u ring  m a in ten an ce  visits. A softw are p rog ram  
accom pan ies th e  T-POD w ith  an  algorithm  for d e ­
tec tin g  th e  characteristic  h a rb o u r porpoise click-trains, 
w hile  rem oving  no ise from  boat sonars or o the r short 
du ra tio n  click-like sounds hav in g  the  sam e spectral 
p ro p ertie s  as écholocation  clicks (see w w w .chelon ia . 
dem on .co .uk  for m ore details). It has  a spa tia l cover­

ag e  up  to a rad ia l d istance of 170 m  (Koschinski et 
al. 2003).

T he porpoise écholocation  activity w as m onito red  by 
dep loy ing  T-PODs at 3 positions w ith in  th e  w ind  farm  
im pact a re a  (Imp. W, N, E) an d  at 3 positions in  a r e ­
feren ce  a re a  10 km  east of th e  w ind  farm  (Ref. N, M, S; 
Fig. 1). No prior in form ation  ex isted  on the  specific 
porpoise densities in  the  im pact an d  re fe ren ce  areas, 
an d  the  re fe ren ce  a re a  w as chosen  to reflect sim ilar 
bathym etry , bottom  fea tu re s  an d  d istance from  shore 
as th e  im pact area . In th e  im pact area , the  T-PODs 
w ere  dep lo y ed  in  a triang le  1.9 km  ap a rt to cover 
th e  cen tra l p a rt of the  w ind  farm  area , w h erea s  the 
re fe ren ce  a re a  w as chosen  as a N -S  transect, w ith  
1.9 km  b e tw e en  dep loym ents to avoid in te rfe ren ce  
w ith  sh ipp ing  lanes (Fig. 1). D istances from  F o u n d a­
tion  A8 to th e  dep loym en t sites w ere  2.1, 4.0 and  
4.0 km  to Imp. W, N an d  E, respectively , an d  15.3, 15.4 
an d  15.7 km  to Ref. N, M  an d  S, respectively .

T he T-PODs w ere  m oored  w ith  a concrete  b lock  and  
a sm all anchor for easy  recovery  an d  m a in ten an ce  of 
th e  dev ice  (Fig. 2); they  w ere  re trieved , the  b a tte rie s  
c h a n g e d  (6 x 3.6V lith ium  D-cell batteries) an d  the 
d a ta  saved  on a lap top  approx im ate ly  every  60 d. 
T echnical p rob lem s re su lted  in  som e d a ta  loss (gaps in 
th e  tim e series), b u t T-PODs w ere  in  opera tion  bo th  
befo re  an d  d u rin g  construction  at all 6 positions. The 
T-POD d a ta  u se d  in  this study  w as se p a ra te d  into 2 d is ­
tinct periods: a base line  period  (N ovem ber 2001 to 
Ju n e  2002) an d  a construction  period  (July 2002 to 
N ovem ber 2003) th a t in c lu d ed  th e  construc tion  ac tiv i­
ties th a t cou ld  po ten tia lly  affect th e  h arb o u r porpoises 
in  the  area . Som e T-PODs w ere  lost an d  rep la ce d  w ith  
n ew  ones at 3 positions (1 in  th e  im pact a re a  an d  2 in 
th e  re fe ren ce  area) d u rin g  th e  course of the  co n stru c­
tion  period. E ach  ind iv idual T-POD w as dep lo y ed  at 
th e  sam e sta tion  du rin g  the  en tire  study  to avoid  co n ­

Fig. 2. T-PODs deployment. Anchor and buoy are connected 
to concrete block w ith 12 mm stainless-steel strengthened 
ropes. In shallow and calm w aters T-POD can be  retrieved by 
hand, should the small float be lost; the T-POD m ust be 

retrieved by diver or w ith a crane
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found ing  in strum en t varia tion  w ith  tem poral shift from  
base line  to construction , an d  fortunately, the  T-POD 
rep lacem en ts  d id  not co incide w ith  this investiga ted  
change.

All T-PODs u sed  in  th is study  w ere  V ersion 1, e q u ip ­
p e d  w ith  ex te rn a l tran sd u cers  an d  eq u iv a len t configu­
ration. For each  T-POD, all 6 ch an n els /scan s w ere  set to 
th e  iden tical defau lt va lues for h a rb o u r porpoises: 
(1) Filter A = 130 kHz; (2) Filter B = 90 kHz; (3) ratio  = 5; 
(4) Q -value for F ilter A = 5; (5) Q -value for Filter B = 18; 
(6) sensitivity  th resh o ld  = 0; (7) m axim um  n u m b er of 
clicks = 240 clicks 9 s_1; (8) m inim um  click d u ra tion  = 
10 ps. After retrieving the d a ta  from the  T-PODs, harbour 
porpoise click-trains w ere  iden tified  u sing  the  'low  
p robab ility  ce ta ce an  tra in ' algorithm  of the  T-POD soft­
w are , an d  the  nu m b er of clicks m in-1 w as ex p o rted  for 
subsequen t d a ta  analysis (w w w .chelonia. dem on.co.uk).

Statistical analysis. Porpoise click-trains w ere  f re ­
quen tly  o b se rv ed  as short d istinct periods of h ig h  éc h o ­
location activity se p ara te d  by longer periods w ith  no ac ­
tivity (silent period). T he ex p o rted  tim e series of clicks 
p e r  m inu te w ere  co n v erted  into 'porpoise encoun te rs ', 
d efin ed  as a series of h a rb o u r porpoise clicks of any 
len g th  w h en  silent periods <10 min, a value chosen  from 
exam ination  of tim e series plots of data. C lick series sep ­
a ra ted  by silent periods of >10 m in w ere  consequen tly  
defin ed  as 2 se p ara te  encoun ters. T he period  b e tw e en  
harbou r porpoise encoun ters w as d en o ted  'w aiting  tim e' 
a n d  u sed  as a proxy ind icato r for h a rb o u r porpoise d e n ­
sity in  the  sta tistica l analysis. It should  b e  s tressed  tha t 
b ecau se  of d iffe rences in  dep loym ents at th e  stations 
a n d  loss of T-PODs the  d a ta  ava ilab le  for the  statistical 
analysis w as b a lan c ed  in  n e ith e r space nor tim e.

W aiting tim es w ere  ana ly sed  accord ing  to a m odified 
BACI des ig n  (G reen  1979) th a t inc luded  s ta tio n -sp e­
cific, T-POD specific, an d  seasonal variation . T he BACI 
(before, after, control, im pact) des ig n  can  b e  v iew ed  as 
a varian t of the  split-plot design , since the  2 levels of 
th e  trea tm e n t (baseline versus construction) w ere  not 
o bse rved  sim ultaneously. In th e  p rese n t design , the 
m onth  of the  observa tion  w as in c lu d ed  as an  additional 
b lock ing  factor (split-split-plot design) to account for 
seasonal variation , such th a t w aiting  tim es w ere  com ­
p a re d  over the  sam e m onths in  p rog ressive  years. This 
is valid, b ecau se  th e re  w as rep lication  of m onths 
w ith in  the  2 yr m onitoring  period. T he m odel for the 
w aiting  tim es (Yf), afte r sub trac ting  10 m in  an d  log- 
transform ation , w as:

w h ere  p is th e  overall m ean , a = a re a  has 2 levels (con­
trol, im pact), p  = p eriod  has 2 levels (baseline, co n ­
struction), m  = m onth  has 11 levels (February  to 
D ecem ber), S  = sta tion  h as 6 levels (Imp. N, W an d  E; 
Ref. N, M an d  S), an d  T=  T-POD has 9 levels (T-POD 
identification  n u m b er = 7, 14, 17, 43, 47, 48, 56, 67, 71). 
T h ere  w ere  18 d iffe ren t plots, d en o ted  by  R = plot 
in  Eq. (1), w h e re  sam pling  w as random  w ith in  area, 
sta tion  an d  T-POD. Subscrip t le tte rs  in  Eq. (1) are 
ind ices for d iffe ren t levels of th e  effects in  the  m odel. 
T he m odel in  Eq. (1) has  4 fixed effects (ind icated  by 
low ercase  letters), w h ere  'a re a ' describes th e  spatia l 
v aria tion  b e tw e en  contro l an d  im pact area , 'm on th ' 
d escribes the  seasonal varia tion  by  m eans of m onthly 
v a lues an d  'period ' describes th e  stepw ise ch an g e  at 
th e  onset of the  construction  w ork, w h erea s  'a re a  x 
period ' describes a d iffe rence in  the  stepw ise ch an g e  
b e tw e e n  th e  2 areas. T he random  effects of th e  m odel 
(ind icated  by u p p erc ase  letters) w ere  's ta tion (area)' 
describ ing  the  station-specific varia tion  n es ted  w ith in  
th e  2 areas, 'tp o d (a rea  station)' describ ing  the  T-POD 
specific varia tion  w ith in  the  3 stations w h ere  the  e q u ip ­
m en t w as rep laced  du rin g  construction, 'plot' d escrib ­
ing  the  variation b e tw een  m onths of m onitoring, and  
24 in teractions. T he significance of th e  random  effects 
w as te s ted  an d  insign ifican t random  effects w ere  
poo led  w ith  the  resid u a l variation .

T he in teraction  a re a  x period, also re fe rre d  to as the 
BACI effect, th e re fo re  d escrib ed  a stepw ise ch an g e  
in  th e  im pact a re a  d iffe ren t from  th a t in  th e  re feren ce  
area . M arg ina l m eans for th e  d iffe ren t factors of the 
m odel w ere  ca lcu la ted  an d  b ack -transfo rm ed  to m ean  
va lues on  th e  orig inal scale u sing  th e  m om ent's tra n s ­
form ations of th e  log-transform  (p. 285 in  M cC ullagh  & 
N eider 1989) an d  ad d in g  th e  10 m in th reshold . The 
BACI effect, hav ing  1 nu m era to r d e g re e  of freedom , 
w as also ca lcu la ted  explicitly  as a con trast of the 
m arg in a l m eans for th e  4 com binations of a re a  and  
period, and

„  . Ellm p., constr.l EIRef., basel.l
exp BACI contrast = ------- ------------- x ---------------------  (2)

£-[Imp.,basel.] EIRef., constr.]

w h ere  E[ ] d en o tes  th e  expecta tion  values. Thus, the 
ex ponen tia l of th e  con trast d esc rib ed  th e  rela tive 
ch a n g e  from  the  b ase lin e  to th e  construction  period  in 
th e  im pact a re a  re la tive  to th e  re feren ce  area.

T he m odel in  Eq. (1) can  b e  fo rm u lated  w ith in  the 
fram ew ork  of genera l, linear, m ixed  m odels

-  P  +  R + Pj + RPij + m k +  RM 1k +  PM]k +  RPMíjk + a¡+ RAU + pafl + RPAlß + M A U + RM Am + PMAju + RPMAljkI
whole-plot split-plot split-split-plot (area)

+ Sm (i; +  RSini(i) + + RPS^ n(J) +  M S + RM Siknl[1) + PMS }knl[1] + RPMSijknl[1] (1 )

split-split-plot( station)

+  P n{!m) +  R P m{lni) +  ^ j n i l m )  +  R p rP ijn{lm) +  +  R R P P ikn{lm) +  P R P P ]knilni) +  R P R P P i]knilni) +  £ ttfjkhnn)

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

w h ere  Y is th e  vec to r of observations, X  is th e  design  
m atrix  for th e  fixed effects, ß is the  vec to r of p aram ete rs  
for the  fixed effects, Z is the  d es ign  m atrix  for the 
random  effects, u is th e  vec to r of random  effects w ith  
covariance m atrix  G, an d  e is the  vec to r of the  residuals 
w ith  th e  covariance m atrix  R. T he tem poral varia tion  in 
w aiting  tim es w as assum ed  to follow  an  overall, fixed, 
seasonal p a tte rn  d escrib ed  by m onthly  m eans, bu t fluc­
tua tions in  th e  h a rb o u r porpoise density  in  the  reg ion  
on  a sho rter tim e scale m ay p o ten tia lly  give rise to serial 
co rrela tions in  th e  observations. For exam ple , if a short 
w aiting  tim e is observed , th e  nex t w aiting  tim e is likely 
to b e  short as w ell. In o rd er to account for any au to ­
correla tion  in  the  residuals, w e form ulated  a covariance 
s truc tu re  for th e  residua ls (R ^ o 2I) by m eans of an  
ARMA(1, l)-p ro cess  (C hatfield  1984) sub ject to w aiting  
tim es o bserved  w ith in  se p ara te  deploym ents, i.e. com ­
p le te  in d e p en d e n ce  w as assum ed  across g ap s  in  the 
tim e series. Thus, this m odel in c lu d ed  an  ex tension  to 
th e  g en e ra l lin ear theo ry  (e.g. M cC ullagh  & N eider 
1989) by m ixing fixed an d  random  effects (M cCulloch 
& Searle  2001).

In the  BACI design , th e  overall seasonal varia tion  
w as assu m ed  to b e  iden tical for the  2 areas, since 
they  w ere  located  re la tive ly  close to ea ch  o ther an d  
w ith  sim ilar bottom  an d  d ep th  p roperties. This basic 
assum ption  w as in v estig a ted  w ith  the  follow ing m odel 
em ployed  on b ase lin e  d a ta  only:

(itoi) = p + nik + a¡ + niaM + S m{1] + M S + (4)

w h ere  the  first 2 factors of th e  m odel h av e  the  sam e 
in te rp re ta tio n  as in  Eq. (1), an d  the  in te raction  a re a  x 
m onth  d escribes system atic d iffe rences in  th e  seasonal 
varia tion  of th e  2 areas; 2 random  effects, station(area) 
an d  station(area) x m onth, w ere  also included . N one of 
th e  T-PODs w ere  rep la ce d  d u rin g  baseline , an d  th e re ­
fore th e  effect T-POD (area station) w as com pletely  
con founded  w ith  sta tion(area). T h ere  w as no rep lica ­
tion  of m onths for th e  b ase lin e  d a ta  an d  th e re fo re  this 
analysis w as ca rried  out u sing  a factorial b lock  design. 
If the  in te raction  a re a  x m onth  in  Eq. (4) is significant, 
tem poral varia tions in  h arb o u r porpoise density  m ay 
not b e  com parab le  for the  2 areas, jeo p ard is in g  the 
BACI design . T herefore, w e ex am in ed  the  co n se­
q u en ces for th e  in te raction  a re a  x m onth  by e lim ina t­
ing  d a ta  from  ind iv idual stations separate ly . The 
ARMA(1,1) covariance s truc tu re  of R w as also app lied  
to this m odel (Eq. 4).

T he T-PO D -specific varia tion  w as n es ted  w ith in  s ta ­
tions, an d  sim ilarly the  station-specific varia tion  w as 
n es ted  w ith in  a reas  in  Eq. (1). This im plied  th a t the 
factors a re a  an d  station(area) w ere  a com bination  of 
spa tia l varia tion  an d  T-PO D -specific sensitivity. H ow ­

ever, the  in te raction  (area x period) rem a in ed  u n a f­
fec ted  by this, b ecau se  th e  T-PODs w ere  not in te r­
c h a n g e d  b e tw e e n  sta tions d u rin g  th e  study  p eriod  and  
co nsequen tly  th e  te stin g  for a  p o ten tia l effect of the 
construc tion  w ork  in  th e  im pact a re a  w as not b iased  
by d iffe rences in  T-POD sensitivity. T he h ie rarch ical 
stru c tu re  for area , sta tion  an d  T-PO D -specific varia tion  
w as chosen  in  favour of crossing  th e  T-POD-specific 
v aria tion  w ith  th e  spatia l variation , b ecau se  shifting 
th e  T-PODs b e tw e en  sta tions w ou ld  req u ire  add itional 
substan tia l effort, w ith  a risk of the  T-POD-specific 
v aria tion  b e in g  partly  or ev en  totally  confounded  w ith  
th e  BACI effect (area x period).

To investiga te  the  short-term  effect of ram m ing / 
v ib ration  activity  in  th e  period  from  25 A ugust to 
20 N ovem ber 2002, the  first an d  second  en co u n te r 
afte r th is specific construction  activity  h a d  ceased  w ere  
identified , an d  th e  co rrespond ing  w aiting  tim es prior 
to th ese  en coun te rs  w ere  ana ly sed  to investiga te  if 
w aiting  tim es (first an d  second separate ly) follow ing 
ram m ing /v ib ration  activity  w ere  d ifferent. For each  
station, th e  d istribu tion  of first w aiting  tim es w as com ­
p a re d  to th e  d istribu tion  of all o the r observa tions d u r ­
in g  th is specific period , an d  similarly, th e  d istribu tion  
of second  w aiting  tim es w as co m p ared  to th e  d is trib u ­
tion  of all observa tions excep t first an d  second  w aiting  
tim es. For th is analysis, th e  co rrela tion  param ete rs  of 
th e  A R M A (1,l)-process in  the  covariance s truc tu re  R 
w e re  not estim ated , b u t set to th e  values o b ta in ed  from  
ana lysing  all d a ta  accord ing  to Eq. (1), since th e  n u m ­
b e r of observations in  th is specific period  w as lim ited. 
In o rd er to account for d iffe ren t m ag n itu d es of v a r ia ­
tion  b e tw e en  first, second  an d  o ther w aiting  tim es, d if­
fe ren t v ariance  param ete rs  in  R for th ese  3 ca tegories 
w ere  estim ated , b u t the  co rrela tion  param ete rs  b e ­
tw ee n  observa tions in  tim e w ere  fixed.

T he sta tistica l ana lyses w ere  ca rried  out w ith in  the 
fram ew ork  of m ixed  lin ear m odels (Littell e t al. 1996, 
M c cu llo ch  & Searle  2001) by  m eans of PROC MIXED 
in  th e  SAS system . S tatistical te s ting  for fixed effects 
(F-test w ith  S a tte rth w aite  approx im ation  for d en o m i­
n a to r d e g re e s  of freedom ) an d  random  effects (Wald Z) 
w ere  ca rried  out at a 5%  sign ificance level (Littell e t al. 
1996). T he F -test for fixed effects w as partial, i.e. co n ­
side ring  the  specific con tribu tion  of th e  g iven  effect in 
add ition  to all o the r factors.

RESULTS

T he 9 T-PODs u sed  in  th is study  w ere  dep loyed  at 
th e  6 stations for a to ta l of 1617 d, w ith  approxim ately  
47%  m ore dep loym en t days in  th e  im pact a re a  th a n  in 
th e  re fe ren ce  a re a  (Table 1). D uring the  days of d e ­
ploym ent, 3704 w aitin g  tim es w ere  reco rd ed  at the
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Table 1. Logging period showing num ber of days deployed, num ber of observations (n) and average w aiting time for deployed 
T-PODs. Periods listed w ere combined of several deploym ents including long periods w ithout data

Stn T-POD
no.

Logging period 
(d/mo/yr)

Days
deployed n

Baseline
Avg. (min) n

struction----
Avg. (min)

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

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

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

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

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

6 sta tions w ith  an  alm ost eq u a l n u m b er of o bservations 
befo re  (n = 1727) an d  d u ring  (n = 1977) construction, 
a lthough  the  T-PODs w ere  dep loyed  for considerab ly  
longer periods du rin g  the  construction . T he av erag e  
w aiting  tim e in c reased  at all sta tions from  th e  baseline  
to th e  construction  period, b u t the  inc rease  w as co n ­
siderab ly  la rg e r in  the  im pact a re a  (Table 1). The 
m onitoring  sta tions w ere  not in  con tinuous opera tion  
th ro u g h o u t the  en tire  study  period , b u t th e  tim e series 
from  the  d iffe ren t sta tions w ere  overlapp ing  to com ­
prise com bined  tim e series for bo th  th e  re fe ren ce  an d  
th e  im pact a re a  sp an n in g  bo th  th e  base line  an d  the 
construction  periods. C onsequently , d a ta  from  the  d if­
fe ren t stations w ere  co m p ared  th ro u g h  the  assum ption  
of a  com m on seasonal pa tte rn .

T he ch an g e  in  h arb o u r porpoise écholocation  activ i­
ty  in  the  im pact a re a  w as also visib le from  tim e series 
plots (Fig. 3), w h ereb y  th e  o bserved  w aiting  tim es 
n ev e r ex c ee d ed  2 d  in  th e  base line  period, but 
num erous en coun te rs  w ere  se p a ra te d  by  m ore th an  
1 w k  (-10 080 min) d u rin g  the  co n ­
struction  period. In fact, a t S tn  Imp. W, 
no h arb o u r porpoise c lick-train  w as 
reco rd ed  over a 38 d  period  from  
25 F eb ruary  to 4 A pril 2003. W aiting 
tim es w ere  g en e ra lly  longer in  the 
w in te r period  an d  sho rte r in  the  sum ­
m er period, du rin g  bo th  th e  baseline  
a n d  construction  periods (Fig. 3). The 
rep lacem en t of T-PODs at 3 stations 
d id  not in troduce  any  clearly  visible 
system atic shift in  th e  w aiting  tim e 
levels (Fig. 3).

Investigating  the  spa tia l an d  tem p o ­
ral varia tions of th e  w aiting  tim es 
u sing  base line  d a ta  only rev e a le d  th a t 
th e  area-spec ific  m onthly  m eans w ere

not com m on to bo th  th e  control an d  im pact area . The 
sign ificance of a re a  x m onth  in  Eq. (4) w as po ten tia lly  
d u e  to d a ta  from  1 of 3 sta tions (Imp. E, Ref. N, or 
Ref. S), b u t exc lud ing  d a ta  from  Ref. N y ie lded  the 
m ost sim ilar seasonal m eans for th e  2 a reas  (highest 
p -value) an d  the  least residua l varia tion  (Table 2). 
Thus, th e  assum ption  of com m on tem poral varia tions 
in  h arb o u r porpoise écholocation  activity  th ro u g h o u t 
th e  in v estig a ted  a re a  w as not com prom ised, p rov ided  
th a t d a ta  from  Ref. N w ere  ex c lu d ed  from  th e  baseline  
d a ta  analysis. R em oving th e  least significant factor, 
a re a  x m onth , from  the  m odel (Eq. 4) of the  baseline  
d a ta  afte r exc lud ing  S tn  Ref. N show ed  a significant 
seasonal varia tion  (F4 567 = 11.60; pcO.0001), b u t no 
significant varia tion  b e tw e en  the  re fe ren ce  an d  im pact 
a reas  (F1 2 . 9 7  = 2.00; p = 0.2531). N one of th e  random  
effects w ere  significant (< J2 st a t i o n ( a r e a )  = 0.1065; Z  = 0.97; 
p = 0.1657 an d  o 2station(area| x month = 0) an d  they  w ere  
m uch  sm aller th a n  th e  residua l varia tion  (o2 = 2.2789; 
Z =  26.45; p <  0.0001).

Table 2. Phocoena phocoena. Analysis of area-specific monthly m eans for 
w aiting 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) com puted by Satterthwaite's 

approxim ation (Littell et al. 1996)

Data used   area x m onth statistics---------------  Residual
in m odel df Den df F  p variance

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

aThis m odel was run  w ithout station(area) x m onth to obtain convergence
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Fig. 3. Phocoena phocoena. W aiting times betw een  harbour porpoise encounters in  im pact area (Stns Imp. N, W, E) and reference 
area (Stns Ref. N, M, S). Grey shading: periods w ith no T-POD deployments; vertical lines indicate change from baseline to

construction period. Note logarithmic scale

BACI analysis

E xcept for 3 random  (although  not significant) e f­
fects, th e  m ajority  of the  random  effect variances for 
th e  full m odel in  Eq. (1) w ere  zero. A fter pooling  those 
effects w ith  zero  variance contribu tion  w ith  th e  re s i­
dual variation, the 3 variance-contribu ting  ra n ­
dom  effects w ere  still insign ifican t (Table 3), 
a n d  consequently , all random  effects w ere  
poo led  w ith  th e  resid u a l variation .

T he fixed factors in  the  BACI analysis 
(Eq. 1) w ere  all significant (Table 4). In the 
re fe ren ce  area , th e  w aiting  tim es alm ost 
d o u b led  from  the  base line  to th e  construction  
period  (from abou t 9 to 20 h), w h e rea s  w a it­
ing  tim es in  the  im pact a re a  in c re ase d  by 
m ore th a n  1 o rd er of m ag n itu d e  (from abou t 
5.5 h  to 3 d). A lthough  th e  w aiting  tim es b e ­

cam e longer d u ring  th e  construction  in  bo th  re feren ce  
an d  im pact areas, the  inc rease  in  the  im pact a re a  w as 
m ore th a n  6 tim es la rg e r (BACI con trast of 1.8005) 
th a n  in  the  re fe ren ce  area . In th e  b ase lin e  period, h a r ­
bou r porpoise encoun te rs  w ere  m ore fre q u en t in  the 
im pact area , b u t afte r construction  b egan , th e  refer-

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

have been  pooled w ith residual variation

Variance
contributing effect

Estimate SE Wald's
Z-test

P

Period x M onth (PMjk) 0.7109 0.8105 0.88 0.1902
Plot x A rea (RAU) 0.1126 0.1005 1.12 0.1313
Plot x Station (RSimm) 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 w aiting times 
(3436 observations) betw een  porpoise encounters at Nysted 
Offshore Wind Farm. D ata from Stn Ref. N w ere not included 
in analysis. Tests for fixed effects are show n above; m arginal 
m eans, calculated from param eter estim ates and back-trans­

form ed to original scale, are shown below

Factor df Den df F P

A rea
Month
Period
A rea x Period

1 36.1 
10 107 

1 68.5 
1 41.5

7.17
7.06

36.09
35.12

0.0111
<0.0001
<0.0001
<0.0001

BACI marginal means
Reference Impact Overall

Baseline
Construction

542 min 
1213 min

337 min 
4483 min

427 min 
2329 min

Overall 810 min 1219 min

en ce  a re a  h a d  th e  h ighest (although  rela tively  low) 
écholocation  activity.

T he seasonal varia tion  u sed  to com pare  w aiting  
tim es across d iffe rences in  the  dep loym ents h ad  a p ro ­
n o u n ced  p a tte rn  (Fig. 4), w ith  long  w aiting  tim es in 
F eb ruary  an d  M arch  (m eans >1 d  for bo th  a reas  an d  
periods com bined) an d  sho rter w aiting  tim es in  Ju ly  to 
N ovem ber (m eans b e tw e en  1.8 an d  5.8 h  for bo th  a reas  
a n d  periods com bined). T h ere  w ere  no d a ta  for J a ­
nuary , an d  th e  m arg in a l m eans o b ta in ed  from  Eq. (1) 
th e re fo re  ex p ressed  th e  expecta tion  v a lue  for 11 mo 
only. Long w aiting  tim es in  F eb ru ary  an d  M arch  com ­
b in e d  w ith  re la tive ly  few er dep loym ents re su lted  in 
less th a n  20 observations in  to ta l for each  of these  
2 m onths, an d  consequen tly  the  m onth ly  m ean  e s ti­
m ates  w ere  m ore uncerta in . T h ere  w ere  also few  o b ­
servations from  Ju ly  in  the  re fe ren ce  a re a  b ecau se  of 
th e  short dep loym ent tim e.

100000

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

Fig. 4. Phocoena phocoena. M onthly m ean  (± 95% CL) m ar­
ginal distribution of w aiting times after back-transformation. 
Variations attributable to other significant factors in Eq. (1) 
have been  accounted for by calculating m arginal means. Note 

logarithmic scale

T he area- an d  period-specific m arg in a l m eans 
shou ld  b e  in te rp re ted  as the  ex p e c ted  w aiting  tim e 
over 11 mo (excluding January ) in  bo th  th e  baseline  
an d  construction  periods, an d  th e  m onth ly  m arg inal 
m eans should  b e  in te rp re ted  as th e  ex p e c ted  w aiting  
tim e in  bo th  a reas  com bined . Finally, th e  BACI m a r­
g ina l m eans (Table 4) shou ld  b e  in te rp re ted  as the 
ex p e c ted  w aiting  tim e over 11 mo (excluding January ) 
for th e  4 com binations of a re a  x period. T he m arg inal 
m eans of the  m odel w ere  gen era lly  h ig h e r th a n  the 
av e rag e  va lues (Table 1) b ecau se  th e re  w ere  co n sid er­
ably  m ore observations du rin g  the  sum m er period, 
w ith  shorter w aitin g  tim es.

W aiting tim es after ram m ing/vibration activity

In th e  period  w ith  ram m ing  activity, 5 out of the 
6 T-PODs w ere  logg ing  h arb o u r porpoise écholocation  
activity  from  25 A ugust to 12 O ctober, an d  8.7 to 20.8%  
of th e  observa tions w ere  iden tified  as first an d  second  
w aiting  tim es for th ese  stations. First w aiting  tim es 
m e asu red  th e  period  e lap se d  b e tw e en  the  first m e a ­
su red  clicking bout after a ram m ing /v ib ration  activity 
session an d  the  last m easu red  bout, an d  thus inc luded  
som e tim e from  bo th  before an d  du rin g  the  session as 
w ell as im m edia te ly  after. First w aiting  tim es w ere  
re la tive ly  h ig h  at all stations in  bo th  the  im pact and  
re fe ren ce  areas, w h e rea s  the  second  w aiting  tim es 
w ere  on av e rag e  level (Fig. 5). All 5 stations h a d  a s ig ­
nificantly  h ig h e r first w aitin g  tim e (Table 5), w h e rea s  
th e  second  w aitin g  tim e afte r ram m ing /v ib ration  ac tiv ­
ity w as not d iffe ren t from  th e  overall w aiting  tim e 
b e tw e e n  en coun te rs  at any of th e  stations d u rin g  this 
specific period  (Table 6).

W aiting tim es for th e  first en co u n te r after ram m ing  
activity  h a d  ce ased  in c re ase d  significantly  at all s ta ­
tions by factors of 9.0 for Imp N, 13.9 for Imp W, 9.0 for 
Ref. N, 3.5 for Ref. M, an d  6.1 for Ref. S (Table 5). The 
first w aiting  tim e in  the  im pact a re a  w as typically  
35 to 50 h  (m eans for the  2 stations) co m p ared  to the 
'no rm al' level of 20 an d  10 h  for Imp. N an d  W, r e ­
spectively  (Table 5). In th e  re fe ren ce  area , m ean  w a it­
ing  tim es (excluding first w aiting  tim e observations) 
in c re ase d  from  17, 7, an d  6 h  to 30, 11 an d  19 h  for the 
first en co u n te r afte r ram m ing  activity  for Ref. N, M  and  
S, respectively . T he inc rease  in  th e  w aiting  tim e w as 
longer th a n  th e  av e rag e  du ra tio n  of ram m ing /v ib ration  
activity  (5.5 h), inc lud ing  the  dep loym ent of h a ra ss ­
m en t devices, for all stations ex cep t Ref. M. The la rgest 
in c rease  w as o bserved  at S tn  Imp. W, the  station  
closest to th e  site of ram m ing /v ib ration , w h ere  the  first 
w aiting  tim es w ere  41 h  longer th a n  o ther w aiting  
tim es in  th is specific period  of ram m ing /v ib ration  
activity. T he analysis of first an d  second  w aiting  tim es
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Table 5. Phocoena phocoena. First w aiting times (min) after ram m ing/vibration 
activity had  ceased versus second and other w aiting times (min) from 25 August 
to 12 October 2002. Distributions of log-transform ed data w ere back-transform ed 
into m edian and m ean  w aiting times by exponential function and mom ent 

transformation, respectively

Stn 
W aiting time n

Log-transform e d w aiting time
M ean Variance F  p

VVCllLlliy Lillie

M edian M ean

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

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

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

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

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

Table 6. Phocoena phocoena. Second w aiting times (min) after ram m ing/vibra­
tion activity had  ceased versus other w aiting times (min) from 25 August to 
12 October 2002. Distributions of log-transform ed data w ere back-transform ed 
into m edian and m ean  w aiting times by exponential function and mom ent 

transformation, respectively

tim es b ecau se  of th e  lim ited  nu m b er 
of observations. T he covariance s tru c ­
tu re  o b ta in ed  from  th e  BACI analysis 
(Eq. 1) im plied  th a t consecutive w a it­
ing  tim es w ere  positively co rre la ted  
(lag 1 = 0.1870 an d  lag  2 = 0.1720), 
w ith  a resid u a l v ariance  of 2.79 for the 
transfo rm ed  w aitin g  tim es, w h ich  w as 
sim ilar to th e  co rrela tions o b ta in ed  in 
th e  analysis of base line  d a ta  only 
(Eq. 4 w ithou t a re a  x m onth) (lag 1 = 
0.1330 an d  lag  2 = 0.1070), w ith  a 
res id u a l v ariance  of 2.28. H ow ever, 
th e  residua l variances of th e  first w a it­
ing  tim es w ere  considerab ly  low er 
(0.15 to 1.25), w h e rea s  th e  variances 
of th e  second  an d  o ther w aitin g  tim es 
h a d  m ag n itu d es ran g in g  from  2.51 to 
3.61 (Table 5). T hese d ifferences h ad  
repercussions for th e  m ean  back- 
transform  using  th e  m om ent tran sfo r­
m ation  th a t inc luded  a contribu tion  
from  th e  v ariance  of th e  transfo rm ed  
variab le  (Tables 5 & 6). This w as m ost 
p ro n o u n ced  for Imp. N, w h ere  m ean  
levels w ere  alm ost com parab le  a l­
th o u g h  the  m ed ians d iffe red  by  1 
o rd er of m agn itude .

Stn 
W aiting time n

Log-transformed w aiting time 
M ean Variance F  p

V veil Lilly LII l i e

M edian M ean

Imp. N 
2nd 10 4.88 1.99 0.70 0.4142 141 364
Other 47 5.32 3.98 215 1506

Imp. W 
2nd 11 4.29 2.49 1.11 0.3102 83 262
Other 84 4.83 3.33 135 673

Ref. N
2nd 8 4.58 4.31 0.93 0.3594 107 850
Other 39 5.34 3.24 218 1059

Ref. M
2nd 19 4.61 2.35 0.03 0.8634 110 335
Other 191 4.67 2.75 117 433

Ref. S
2nd 9 4.88 2.19 0.27 0.6121 142 403
Other 72 4.60 2.58 110 372

d id  not inc lude seasonal varia tions du rin g  th e  ram ­
m ing /v ib ration  period  from  th e  e n d  of A ugust to the 
b eg in n in g  of O ctober, as th ese  m onths h ad  sim ilar 
m ean  levels (Fig. 4).

It w as not possib le to estim ate  the  en tire  covariance 
s truc tu re  in  the  analysis of the  first an d  second  w aiting

DISCUSSION

We h av e  em ployed  a novel te c h ­
n iq u e  for m onitoring  th e  écholocation  
activity  of h a rb o u r porpoises in  o rder 
to assess th e  po ten tia l im pact du ring  
construction  of an  offshore w ind  farm. 
A lthough s ta n d a rd  hyd rophones have 
b e e n  com m only u se d  for m onitoring 
w hales  in  g en e ra l (e.g. Au e t al. 2004), 
d o cu m en ted  stud ies u sing  the  a u to ­
nom ous T-POD are  still few  (Cox e t al. 
2001, C ulik  e t al. 2001, K oschinski et 
al. 2003). Two T-PODs dep loyed  in  an  
exhib ition  facility in  K ertem inde, D en ­
m ark  (w w w .gounderw ater.com ), lo g ­
g e d  écholocation  activity  for abou t 4 
to 9%  of th e  tim e in  w hich  re c o rd ­
ings w ere  m ade  (m ean w aiting  tim es 

app rox  40 m in, en co u n te r du ra tio n  approx. 10 min; 
T eilm ann e t al. 2002) w h en  th e  2 cap tive  porpoises 
w ere  p re se n t in  th e  pool, w h e rea s  only 3 porpoise 
en co u n te rs  w ere  reco rd ed  over 2 d  w ithout th e  cap tive 
porpoises p rese n t in  the  pool. T hese  reco rd ings m ay 
h av e  o rig ina ted  from  a w ild  porpoise ap p ro ach in g  the

http://www.gounderwater.com
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enclosure, w h ich  is only se p a ra te d  from  the  sea  by a 
n e t (Teilm ann e t al. 2002). Sim ilar resu lts  w ere  
o b ta in ed  w ith  cap tive  porpoises in  the  N etherlands 
(Thom sen e t al. 2005). A study  of w ild  h a rb o u r p o r­
poises in  F ortune C hannel, V ancouver Island, C anada , 
show ed  th a t 98%  of all v isual observa tions w ith in  a 
d istance  of 150 m  from  a T-POD w ere  also d e tec ted  
acoustically  (Koschinski e t al. 2003). M oreover, the 
écholocation  rate , i.e. occu rrence of click-trains, in  our 
study  (m ean of 36.8 clicks m k r 1) co rresp o n d ed  w ell 
w ith  those (0 to 25 clicks m k r 1) rep o rted  by A kam atsu  
e t al. (1994) in  a 2 w k  study  of 2 cap tive  porpoises.

It is b e liev ed  th a t h a rb o u r porpoises use th e ir  sonar 
m ainly  for nav igation  an d  ca tch ing  the ir p rey  (Mohl & 
A n d ersen  1973), b u t th e re  a re  no estim ates of how  fre ­
quen tly  free -ran g in g  porpoises u se  the ir sonar. It m ust 
b e  em p h asised  th a t cap tive ind iv iduals m ay not use  
the ir écholocation  as m uch  as w ild  ind iv iduals d u e  to 
b e tte r  v isual conditions, no n e e d  to hu n t for food, an d  
w ell-know n  su rround ings. T he an g u la r ran g e  of the ir 
sonar is ra th e r  lim ited  (the 3 dB transm ission  beam  
w id th  is 16°; A u e t al. 1999), sug g estin g  th a t the 
reco rd ed  écholocation  activity m ay p rovide an  u n d e r­
estim ate  of the  'tru e  écholocation  activity ' w ith in  the 
T-POD ran g e  of detection , d ep e n d in g  on th e  p o r­
po ises ' m ovem ent patterns.

Harbour porpoise m onitoring

M ethods of m onitoring  h arb o u r porpoises have  
m ainly  com prised  ab u n d a n ce  estim ation  by m eans of 
tran sec t surveys from  ship or a irp lane  (Hiby & H am ­
m ond  1989). E stim ating  popu la tion  sizes prov ides an  
im portan t basis for conservation  stra teg ies in  re la tion  
to th e  im pact of byca tch  in  g illnet fisheries (H am m ond 
e t al. 2002). Surveys m ay also prov ide a m eans for 
env ironm en ta l im pact stud ies in  localised  reg ions such 
as (e.g.) offshore w ind  farm s. H ow ever, in  a reas  w ith  
re la tive ly  low  h arb o u r porpoise density , as in  the  SW 
Baltic Sea, density  estim ates w ill have a re la tive ly  h igh  
variance , w hich  m akes it difficult to ob ta in  a  re a so n ­
ab le  pow er for sta tistica l te s tin g  of a po ten tia l im pact. 
Porpoise density  es tim ates w ere  also d o cu m en ted  as 
d ep e n d in g  on  sea  sta te  (Barlow 1988, P alka  1996, Teil­
m an n  2003). D ifferent observers an d  p latform s for the 
d iffe ren t surveys is an o th er im portan t source of v a ria ­
tion  th a t is not usually  accoun ted  for. Furtherm ore, 
substan tia l ch an g es in  d iu rn a l an d  seasonal d iv ing 
p a tte rn s  (Teilm ann e t al. 2006b) a re  likely to b ias 
density  estim ates o b ta in ed  from  visual surveys.

A coustic m onitoring  by  m eans of T-PODs provides 
h igh -reso lu tion  d a ta  in  tim e, b u t h as  lim ited  spatia l 
coverage (Koschinski e t al. 2003). N ew  insigh t into s e a ­
sonal, d iu rn a l an d  area-specific  porpoise occu rrence

can  b e  o b ta in ed  from  th is techn ique , particu larly  if the 
d a ta  a re  com bined  w ith  covariates (e.g. salinity, c u r ­
rents) h ypo thesised  to in fluence d istribu tion  p a tte rn s  
of h a rb o u r porpoises. As yet, écholocation  activity  has 
not been , associa ted  w ith  density  estim ates, ren d e rin g  
th is tech n iq u e  less usefu l for som e m a n ag e m en t tasks. 
H ow ever, b ased  on  the  p re se n t study  w e believe  th a t 
écholocation  activity can  b e  re g a rd e d  as a proxy e s ti­
m ate  of re la tive  ab u n d an ce , m ak in g  th e  T-POD an  
im portan t tool for im pact assessm en ts in  rela tively  
sm all an d  defin ed  areas.

W aiting tim e indicator

C ontinuous logg ing  of env ironm en ta l p rocesses p ro ­
v ides a w hole n ew  w ea lth  of inform ation, b u t p laces 
considerab le  d em an d  on  d a ta  processing . The é c h o ­
location  activity  reco rd ed  by th e  T-POD is a  typical 
po in t process, sim ilar to (e.g.) p rec ip ita tion  m easu red  
by tip p in g -b u ck et ra in  gauges. A lthough  th e  th resho ld  
of 10 m in u se d  to se p a ra te  en coun te rs  w as de te rm in ed  
em pirically, th is value  ap p ears  rea so n ab le  from  a b io ­
logical po in t of v iew  also. W ith an  av e rag e  sw im m ing 
sp e ed  of 1.5 m  s-1 (Teilm ann 2000), a h a rb o u r porpoise 
w ou ld  m ove 900 m  in 10 min. W ith a T-POD detec tion  
ran g e  of abou t 170 m  (Koshinski et al. 2003), it thus 
seem s reaso n ab le  to u se  10 m in for sep ara tin g  en c o u n ­
ters to ob ta in  d a ta  that, a lthough  not en tire ly  in d e p e n ­
den t, a re  not strongly  co rre la ted . H ow ever, the  a u to ­
corre la tion  suggests th a t th e re  is still a  significant 
p robab ility  th a t an  ind iv idual porpoise or g roup  of p o r­
po ises a re  b e in g  rep e a te d ly  reco rd ed  at successive 
w aiting  tim es. T he es tim a ted  co rrela tion  structu re  
show s that, b es id e  th e  overall seasonal p a tte rn , th e re  
a re  som e system atic tem poral varia tions at th e  scale of 
hours an d  days. T he co rre la tion  b e tw e en  successive 
w aiting  tim es could  also b e  du e  to non -sta tionary  
spa tia l pa tch in ess  in  porpoise densities, such th a t 
d u rin g  som e periods th e re  is a h ig h  density  in  the 
en tire  reg io n  lead in g  to m any  short w aitin g  tim es, and  
at o the r tim es a low density  resu lting  in  a  few  long 
w aiting  tim es.

T he porpoise-click  reco rd ings could  po ten tia lly  be 
a g g re g a te d  into low er frequency  tim e series, e.g. daily  
observations, an d  the  BACI analysis ca rried  out using  
an  ap p ro p ria te  transfo rm ation  an d  d istribution . H ow ­
ever, in  a reas  w ith  a gen era lly  low  density  of h a rbou r 
porpoises, several consecu tive days w ith  zero  o b se rv a ­
tions m ight resu lt, an d  daily  observa tions po ten tia lly  
reflect severe  serial correlation. T herefore, the  level of 
tem poral ag g reg a tio n  should  d e p e n d  upon  th e  area- 
specific porpoise écholocation  activity. E ncoun ters and  
w aiting  tim es have th e  ad v a n ta g e  th a t th ese  d a ta  can  
b e  com bined  w ith  short-term  d is tu rb an ces such as
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ram m ing /v ib ration  activity, w h e rea s  it is not possib le 
to d e tec t po ten tia l im pacts on the  tim e scale of 24 h  or 
less from  daily  observations.

M onitoring designs

T he T-POD dep loym ents w ere  p la n n ed  as a sym ­
m etrical d es ig n  w ith  3 sta tions in  bo th  th e  im pact an d  
re fe ren ce  areas. T he exclusion of d a ta  from  Stn Ref. 
N in  com bination  w ith  d a ta  losses from  som e dep lo y ­
m en ts resu lted  in  an  u n ev e n  d istribu tion  of d a ta  over 
tim e an d  space. A pply ing  th e  w aiting  tim e defin ition  
to th e  c lick-train  reco rd ings a d d e d  to th is skew ness, 
w ith  considerab ly  m ore d a ta  in  th e  sum m er m onths. 
A pply ing  a seasonal varia tion  in  th e  BACI analysis 
a llow ed com parison  of d a ta  sam p led  across d iffe ren t 
tim e periods. This asym m etry  in  bo th  tim e an d  space 
sam pling  is a m odification of th e  orig inal BACI design  
(G reen  1979), w hich  d id  not consider several locations, 
a n d  th e  'B eyond BACI' des ig n  (U nderw ood 1994), 
w h ich  co nsidered  spatia l rep lica tion  in  an  asym m etri­
cal design , b u t w ith  th e  g iven  process b e in g  co n ­
s id e red  as sam pled  at the  sam e tim e at all locations. 
T hese  des ig n s h av e  successfully  b ee n  em ployed  in  a 
varie ty  of d iffe ren t im pact stud ies such as sew age  
outfall construction  an d  rem oval (A rcham bault e t al. 
2001, Bishop e t al. 2002), dem ersa l traw ling  (Schratz- 
b e rg e r  e t al. 2002, R osenberg  e t al. 2003) an d  m arine 
constructions (Lewis e t al. 2002).

A nother m odification of the  trad itional BACI design  
w as to incorporate  a covariance s truc tu re  for th e  re s i­
duals by m eans of a  stochastic process. T he la rge  
am ount of d a ta  en a b le d  consisten t es tim ates of the  co- 
v ariance  s truc tu re  in  th e  d iffe ren t analyses. A ttem pts 
to estim ate  th e  ARMA (au to regressive m oving av e r­
age) param ete rs  in  the  analysis of the  first an d  second  
w aiting  tim es afte r ram m ing  activity w ere  not success­
ful d u e  to co n vergence  p roblem s of the  op tim isation  
algorithm . Lack of d a ta  could  b e  one reaso n  w hy 
tem poral co rrela tions a re  gen era lly  ig n o red  in  BACI 
ana lyses an d  in d e p en d e n t observa tions a re  assum ed  
from  re-sam p lin g  th e  sam e location. A no ther ap p ro ach  
to accom m odate tem poral co rrela tions is the  ap p li­
cation  of rep e a te d -m easu re s  designs (G reen  1993).

Construction impact

T he p rese n t study  docum ents a  substan tia l effect on 
th e  h a rb o u r porpoise écholocation  activity from  co n ­
struction  activities in  g en e ra l (m edium -term  response) 
a n d  from  specific ram m ing /v ib ration  activities (short­
te rm  response). T he d a ta  ind icate  th a t the  porpoises 
avo ided  th e  construction  a re a  to a la rg e  ex ten t or,

alternatively , th a t th e ir  density  rem a in ed  u n ch a n g ed  
b u t th a t they  u sed  the ir écholocation  signals m uch  less 
d u e  to (e.g.) no ise from  construc tion  activities. H ow ­
ever, K oschinski e t al. (2003) found  th a t h a rb o u r p o r­
po ises u sed  the ir écholocation  m ore in tensively  w h en  
w in d -tu rb in e  no ise w as p lay ed  b ac k  to them  in the 
wild. T eilm ann e t al. (2006a) found  no ch a n g e  in 
écholocation  activity  in  cap tive  h a rb o u r porpoises 
w h e n  various h ig h  frequency  sounds (100 to 140 kHz, 
153 dB re  1 pP a (RMS) at 1 m) w ere  p lay ed  back , e x ­
cep t d u rin g  th e  first exposu re  to th ese  re la tive ly  loud 
sounds, w h en  th e  porpoises alm ost re fra in ed  from  
echo locating  for th e  full 5 m in sound  exposure . B ased 
on th ese  experim en ts, it is un like ly  th a t the  h arbou r 
porpoises in  our im pact a re a  w ou ld  h av e  echo located  
less th a n  in  the  re fe ren ce  a re a  over th e  en tire  co n stru c­
tion  period . We con tend  th a t th e  reco rd ed  d ec rease  in 
écholocation  activity w as re la ted  to a d ec rease  in  the 
density  of th e  h a rb o u r porpoises.

T he im pact of ram m ing  an d  v ib ration  activity  h a d  a 
substan tia l, b u t short-lived  effect on  h arb o u r porpoise 
activity  at all stations, w ith  significant inc reases in  the 
first w aiting  tim es only. T hese 2 sources of acoustic d is ­
tu rb an c e  du rin g  th ese  construction  activities h a d  qu ite  
d iffe ren t p roperties. F requency  ran g e  an d  noise levels 
associa ted  w ith  th e  ram m ing /v ib ration  activity w ere  
not m easu red . N oise from  sim ilar p ile -d riv ing  o p e ra ­
tions w as rep o rted  by  W ürsig e t al. (2000), w ho m e a ­
su red  b ro ad -b an d  noise in  th e  frequency  ran g e  100 Hz 
to 25.6 kHz. T he m axim um  octave b a n d  noise level 
m e asu red  w as 170 dB re  1 pP a (400 Hz cen tre  f re ­
quency) 250 m  from  the  p ile -d riv ing  site. A ssum ing 
p u re  cylindrical sp rea d in g  in  th e  shallow  w a te r  a re a  
a ro u n d  the  p ile -d riv ing  site, th is co rresponds to a 
source level of approx im ate ly  194 dB re  1 pPa.

T he h arb o u r porpoise p in g e r dep loyed  n e a r  F oun ­
d ation  A8 in  connection  w ith  th e  ram m ing /v ib ration  
activity  transm itted  8 d iffe ren t freq u en cy  m odu la ted  
signals in  the  20 to 160 kH z frequency  bands, w ith  
a  m axim um  source level of 145 dB re  1 pP a (www. 
aquatec .dem on .co .uk). This sound dev ice  can  be 
sen sed  by th e  h a rb o u r porpoises at a m axim um  ran g e  
of 1600 m at S ea S tate  0 (Teilm ann 2000). G iven th a t 
d istances from  F oundation  A8 to th e  m onitoring 
sta tions w ere  at least 2 km, it is un like ly  th a t the 
h a rb o u r porpoise p in g e r could  affect th e  reco rd ed  
écholocation  activity. T he seal scarer u sed  a source 
level of 189 dB re  1 pP a in  the  10 to 15 kH z ran g e  
(w w w .lofitech .no) th a t m ay h av e  affec ted  the  h a rbou r 
porpoises over g re a te r  d istances. H ence, no ise from  
th e  ram m ing /v ib ration  activity  an d  th e  seal scarer 
w ere  m ost p robab ly  of sim ilar m agn itude , bu t co n sid ­
e rin g  th a t th e  h ig h e r frequenc ies  of this harassm en t 
dev ice  a re  a tte n u a te d  m ore quickly  th a n  th e  low  fre ­
qu en c ie s  of the  construction  w orks (Urick 1983), the

http://www.lofitech.no
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sound  level of this activity is likely to b e  h ig h e r in  the 
re fe ren ce  area . H ow ever, h a rb o u r porpoise responses 
to d iffe ren t no ise frequenc ies  h av e  not yet b ee n  
docum ented .

Increases in  w aiting  tim es w ere  longer (4 to 41 h) 
th a n  th e  d u ra tion  of th e  ram m ing /v ib ration  activities 
(1.5 to 10 h), w ith  a  ten d en cy  of rela tively  longer first 
w aiting  tim es in  th e  im pact area . This ind icates tha t 
th e  ram m ing /v ib ration  activities h a d  a spatially  d e ­
clin ing  effect on h arb o u r porpoise densities, ex ten d in g  
m ost p robab ly  beyond  th e  3 sta tions in  the  re fe ren ce  
a re a  (located >15 km  from  F oundation  A8). If the  p o r­
poises w ere  affected  by noise from  th e  construction  
over such  long  distances, this could  exp la in  th a t the 
first w aitin g  tim es at th e  re fe ren ce  sta tions in c reased  
by  several hours. F urtherm ore , if th e  re fe ren ce  stations 
w ere  affec ted  by the  specific ram m ing /v ib ration  activ i­
ty, it is also likely th a t o th e r construction  activities m ay 
h av e  in fluenced  the ir density  in  th e  re fe ren ce  area. 
A lthough th e  BACI analysis assum ed  th e  re fe ren ce  
a re a  to b e  u naffec ted  by  the  construction  activities, the 
doub ling  of the  w aitin g  tim es in  th is a re a  (Table 4) 
could  po ten tia lly  b e  associa ted  w ith  the  construction  of 
th e  w ind  farm . This im plies th a t w aitin g  tim es in  the 
im pact a re a  m ay h av e  in c reased  by  m ore th a n  a factor 
of 6. A lthough  w e  h av e  es tab lish ed  em pirical ev idence 
th a t construc tion  activities red u c ed  th e  écholocation  
activity  of h a rb o u r porpoises in  th is study, an d  most 
p robab ly  red u c ed  porpoise density  also, the  u n d e r­
ly ing ca u se -e ffe c t m echanism s still n e e d  to b e  investi­
ga ted . F u tu re  years of m onitoring  will show  if the  h a r ­
bou r porpoise popu la tion  in  the  N ysted  O ffshore W ind 
Farm  reg ion  w ill recover.

T he d eve lopm en t of offshore activities is inc reasing  
rapidly, g iv ing rise to a d em an d  to assess th e ir  effect on 
th e  m arine  environm ent. T he m ethod  d ev e lo p ed  in  this 
study  m ay b e  m odified  to study  o ther echolocating  
ce tacean s an d  d e te rm in e  the  p o ten tia l effect from  off­
shore constructions or o the r h u m an  activities w ith in  a 
specified  area.
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