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Barriers to movement: impacts of wind farms on migrating birds
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Advances in technology and  engineering are enhancing  th e  con trib u tio n  th a t  wind pow er m akes to  renew able energy generation. 
W ind farms, bo th  operational and  in planning, can be expected  to  im pact negatively on  wildlife populations, particularly birds. We 
propose a novel approach  to  assess th e  im pacts th rough  th e  energetic  costs o f  avoidance behaviour for a long-distance, m igratory 
seaduck. Flight trajectories were recorded  using surveillance radar a t  a Danish offshore w ind farm  with em phasis placed on th e  
200 000+ m igrating com m on  eiders th a t  pass th rough  th e  area annually. M inim um  d istance to  w ind farm  and  curvature  o f trajectories 
w ere com pared  pre- and  post-construction . A dditional costs o f th e  avoidance response were estim ated  using an avian energetic  m odel. 
The curvature  o f eider trajectories was greatest post-construction  and  w ithin 500 m o f th e  w ind farm, w ith a m edian curvature  
significantly g reater th an  pre-construction , suggesting th a t  th e  birds adjusted  th e ir flight p a ths in th e  presence o f th e  wind 
farm. A dditional d istance travelled as a consequence  of th e  w ind farm 's presence was ca. 500 m and  trivial co m pared  w ith th e  
to ta l costs o f a m igration episode o f 1400 km. However, co nstruction  o f fu rth er w ind farm s along th e  m igration ro u te  cou ld  have 
cum ulative effects on  th e  population , especially w hen considered in com bination  w ith o th e r  hum an  actions.
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Introduction
To curb clim ate change, governm ents are seeldng to enhance the 
p ro p o rtio n  o f  energy generated from  renewable resources. 
Advances in  technology and  engineering realistically enable w ind 
energy to  form  a significant p ro p o rtio n  o f  this con trib u tio n  
(Larsson, 1994). M ore th an  20 000 offshore w ind tu rb ines have 
been proposed  for European waters, w ith  the UK governm ent 
recently announcing  an  expansion o f  their w ind-energy p ro ­
gram m e and proposing  th a t 7000 tu rb ines be bu ilt o ff the  UK 
coast by  2020. However, w ind-farm  developm ents are likely to 
im pact negatively on  the  d istribu tion  and abundance o f  wildlife 
populations, particularly  birds. Potential im pacts o f  w ind farm s 
on  b ird  populations can be categorized in to  three  types: direct 
m orta lity  o f  individuals as a result o f  collision w ith tu rb ines and 
infrastructure; m odification  o f  the physical hab ita t as a conse­
quence o f  the fo o tp rin t o f  the  tu rb ines and associated structures; 
and  avoidance responses o f  b irds to  tu rb ines (Fielding et ah, 
2006; Fox et ah, 2006). The latter includes displacem ent from  
habita t and  extension o f  flights, w here w ind farm s act as barriers 
to  m ovem ent.

Studies to  date have concentrated  on  collision m orta lity  
(Barrios and  Rodriguez, 2004; H ötker et al., 2006) and habitat 
loss, either direct (Fielding et al., 2006; Bright et al., 2008) o r  effec­
tive, th rough  avoidance behaviour (Farsen and  Guillem ette, 2007).

A lthough the  problem  has been identified, researchers have no t yet 
evaluated w ind farm s as barriers to  m ovem ent (Fangston and 
Pulían, 2003; Fox et al., 2006; M adders and  W hitfield, 2006), 
and  there is n o  standard  m ethodology to  tackle this issue. 
A nim als often  respond to  spatial heterogeneity  by  altering their 
m ovem ent patterns (Frair et al., 2005), particularly  in  relation  to  
novel objects (Jander, 1975). Seaducks, particularly  com m on  
eiders (hereafter eiders, Somateria mollissima), exhibit behavioural 
avoidance responses to w ind farm s (D esholm  and  Kahlert, 2005; 
Farsen and  G uillem ette, 2007). Consequently, the  construction  
o f  w ind farm s along a flyway is likely to affect eider populations 
by  increasing the distances travelled and  the  energy required  to  
d e to u r a ro u n d  these barriers. In  m any  b ird  species, reproductive 
success is related to  body  co nd ition  at the  tim e o f  breeding 
(W endeln and  Becker, 1999), and  this is especially so am ong 
eiders because o f  the  heavy investm ent o f  female body  reserves 
during  rep ro d u c tio n  (Parker and  H olm , 1990; M eijer and D rent, 
1999). Any reduction  in  mass as a result o f  increased flight requ ire­
m ents could  be detrim ental and  directly im pact breeding o u tpu t.

Eiders are ab u n d an t th ro u g h o u t the Baltic, a lthough  the p o p u ­
lation  is adversely affected by  h u m an  activities such as h u n tin g  and 
fishing, b o th  bycatch in  gillnets and  th rough  com petition  from  the 
bivalve fishery, and  potentially  eu troph ica tion  (Rönkä et al., 2005). 
The Baltic Sea popu lation  o f  eiders decreased by 3 0 -4 0 %  betw een
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1991 and  2000 (D esholm  eta l., 2002) and  the species has also been 
highlighted as one sensitive to clim ate change (H untley  et ah, 
2007). The Birds D irective and o th er in ternational agreem ents 
require States to m ain tain  b ird  populations, w hich necessitates 
an  understand ing  o f  the  processes and pressures acting on  a p o p u ­
lation. The cum ulative im pact o f  all pressures o n  a p opu lation  m ay 
be negative, b u t the  challenge is to  understand  the  im pact o f  each 
pressure in  isolation.

This study develops an  approach to evaluate barrier effects associ­
ated with w ind farms and uses it to  assess the im pact o f  the Nysted 
w ind farm  on  eiders. The following questions were addressed:

(i) do eiders avoid the Nysted w ind farm  and  at w hat distance?

(ii) do eiders increase their m igration  distance in  the presence o f 
the w ind farm?

(iii) w hat is the cost o f  add itional flight in  the context o f  eider sea­
sonal m igration  and from  the likely construction  o f  m any  
m ore m arine w ind farms?

Methods
Study site and species
The study area covered the Nysted offshore w ind farm, in  the 
western Baltic south  o f  D enm ark, com prising 72 turbines placed 
in  eight n o r th -so u th  orientated rows, 850 m  apart at 480 m  in ter­
vals east-w est, covering an  area o f  ca. 60 km 2 (Figure 1). Flight
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Figure 1. Estimated migration routes taken by eiders com pared with 
the  corresponding straight-line distance (dashed line). Triangles 
represent capture sites of breeding adult females in Finland, and 
circles the  recovery sites of these Finnish-marked birds in winter in 
the  W adden Sea. The insert denotes the  study site and an example of 
eider trajectories recorded near the  wind farm post-construction.

trajectories o f  m igrating waterbirds were collected between 
Septem ber 2000 and October 2005 using surveillance radar 
m oun ted  o n  an  observation tower located northeast o f  the w ind 
farm  (Desholm  and Kahlert, 2005; Petersen et ah, 2006). W ind con­
ditions during  radar m easurem ents ranged from  0 to 12 m  s_1 with 
a m ean o f  5 m  s_1. At windspeeds o f  >  10 m  s_1, there was som e 
interference from  sea clutter. Echoes from  fixed targets were no t d is­
placed betw een the sweeps o f  the radar, so it was concluded that the 
spatial m ovem ents o f  birds had been m onito red  precisely w ithout 
displacem ent. Each flock o f  birds entering the detection area 
created an  echo on  the radar display, and by  m onito ring  the m ove­
m en t o f  echoes, the m igration trajectory o f  any given flock could be 
followed. D uring  daylight and ou t to  a range o fca. 11 k m  (Desholm, 
2003; Desholm  and Kahlert, 2005), the birds were identified visually 
to  species, b u t such identification was no t possible at night. All 
species trajectories were recorded, b u t here we focus on  eider and 
m ake com parisons w ith all o ther trajectories gathered for waterbirds 
collectively. W e present only data from  the au tu m n  m igration 
because these had greatest coverage o f  the approach sections o f  tra ­
jectories towards the w ind farm  owing to  the location o f  the radar 
facility. However, we have no  reason to  believe that birds w ould 
respond differently in  spring th an  in  au tu m n  w hen approaching 
the w ind farm, so assum e that the response and the associated ener­
getic cost will be com parable during  the spring m igration. The 
Finnish eider population  is likely to be affected by  the Nysted 
w ind farm  because their m igration rou te  takes them  from  w intering 
areas in  the W adden Sea to breeding areas in  the Finnish Baltic, via 
sou thern  D enm ark. Between 200 000 and 300 000 eiders pass the 
study site each spring and au tu m n  (Alerstam et ah, 1974; Petersen 
et a l ,  2006).

Data analyses
D eviation from  a straight-line trajectory, o r curvature, was esti­
m ated to  assess the  add itional d istance travelled by  individual 
b irds in  the  presence o f  the  w ind farm . C urvature in  this case is 
defined as the  length o f  trajectory  divided by the Euclidian d is­
tance from  start to  endpo in t. This m easure o f  curvature  is 
sim ilar to the  m odified index o f  straightness (Batschelet, 1981), 
and  D esholm  (2003) used such a m ethod  to  assess how  small 
changes in  flight d irection  affected m igration  distance. For each 
trajectory, curvature was calculated from  the  beginning to  the 
end. The m in im u m  distance to the  w ind-farm  area was also esti­
m ated for each trajectory, as a m easure o f  the  avoidance response.

Trajectories were categorized in to  those recorded pre- and 
post-construction , th en  fu rther categorized as near o r far from  
the  w ind farm ; 500 m  was considered an  appropria te  threshold 
to  differentiate betw een near and  far, because the distance 
betw een tu rb ines in  a row  was ~ 5 0 0  m . Larsen and  G uillem ette 
(2007) reported  avoidance o f  eiders at 200 m, so it was 
reasonable to set o u r threshold  greater th an  this distance. Visual 
exam ination  o f  the data  suggested th a t the  curvature  o f  trajectories 
d id  n o t vary greatly beyond 500 m  from  any single tu rb ine 
(Figure 2).

C urvature data  were no t norm ally  d istributed , so non- 
param etric  K ruskal-W allis analysis was used to  test for differences 
in  the  curvature o f  trajectories betw een different categories. We 
also used a m ultip le  com parison  test to  identify  the  categories 
th a t were significantly different (Siegel and  Castellan, 1988). 
D istributions o f  space use a round  the  w ind-farm  area were p ro ­
duced  using a quartic, kernel-density  in te rpo la tion  in  the 
ArcGIS Spatial Analyst m odule. All data  analyses were conducted
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Figure 2. Curvature for all trajectories categorized by nearest distance to  the wind-farm area. Kruskal-Wallis: x 2 =  642.0, d.f. =  9, p <  0.05. 
Boxes represent the  lower quartile, median, and upper quartile values. Whiskers connect adjacent values within 1.5 times the  interquartile 
range from the  ends of the  box.

using ArcGIS (version 9.2) w ith the  add itional package H aw th’s 
Analysis Tools for ArcGIS (Beyer, 2004), and  R (version 2.7.0).

Migration scenarios
To assess the  add itional cost associated w ith the presence o f  the 
Nysted w ind farm , we first estim ated the  add itional distance tra ­
velled by  eiders post-construction  w ith in  the  study  area:

D istance =  (C post — Cpre) x  m edian  trajectory  length. (1)

Cpre and  Cpost are curvature  pre- and  post-construction , and trajec­
to ry  length was m easured in  m etres. Satellite-tracking data are no t 
available for eider, so the precise m igration  distances rem ain  
unknow n. Previous estim ates (Alerstam, 2001) were used in  com ­
b in atio n  w ith location data from  ringing recoveries o f  breeding and 
w intering  female eiders from  the F innish p opu lation  (Figure 1).

The overall cost o f  m igration  and  the add itional costs incurred  
because o f  the w ind farm  were estim ated using the  m odelling soft­
ware Flight 1.18 (Pennycuick, 2007). The m odel was used to  esti­
m ate the  cost o f  flight using aerodynam ic principles and hence to 
m easure the  cost o f  avoiding the  Nysted w ind farm . We investi­
gated different scenarios associated w ith the construction  o f 
add itional w ind farm s based o n  m ultiples o f  the response observed 
at Nysted. Also included was a com parison  w ith the  straight-line 
distance betw een breeding and  w intering  grounds, because 
eiders already extend their annual m igrato ry  distance travelled 
over th a t o f  the  shortest distance by  avoiding flying over land. 
M odel in p u t param eters are listed in  Table 1. The w ingspan and 
w ing-area data  were from  adult, female eiders collected from  
Kalo Vig and  Ebeltoft Vig, D enm ark. The w ing m easurem ents 
were taken from  14 b irds follow ing Pennycuick (1989). Fat mass 
was estim ated by com paring  the  em pty  mass (b ird  bo d y  mass, 
w ith no th ing  in  its crop) w ith the  m ass o f  lean females 
im m ediately after breeding (C hristensen, 2008).

Table 1. Input values to  the  migration modelling software Flight 
1.18 (Pennycuick, 2007).

Variable Value Source reference
Empty mass 2500 g H. Noer, DMU, pers. comm.
Wingspan 0.9045 m See Methods
Wing area 0.1192 m2 See Methods
Altitude 0 m above sea level -

(m.a.s.l.)
Fat mass 1 040 g See Methods
Distance to To be determined -

destination
Cruising altitude 10.9 m Desholm (2003)

Results
The data  com prised 13 323 trajectories, o f  w hich 2593 were 
recorded p re-construc tion  and  10 730 post-construction  o f  the 
w ind farm . O f these, 806 trajectories were identified as eider, 
245 pre-construc tion  and  561 post-construction .

The m edian  curvature for all trajectories was 1.0079 com pared 
w ith 1.0174 for the records o f  eider. The trajectories recorded post­
construction  near the w ind-farm  area had greater curvature and var­
iance th an  the o ther categories am ong all trajectory data (Figure 3). 
K ruskal-W allis and  m ultiple com parison tests suggested that all 
categories were significantly different (K ruskal-W allis: \ 2 =  
664.78, d.f. =  3, p  <  0.05), although com parisons including post- 
near had observed differences in  the sum  o f  the  ranks an  order o f  
m agnitude greater th an  for all o ther com parisons. A similar 
pa tte rn  was evident am ong the eider records (Figure 4). The 
m edian  curvature o f  trajectories post-near was significantly greater 
than  the curvature am ong the o ther categories (Kruskal-W allis: 
X 2 =  89.77, d.f. =  3, p  <  0.05), and the variation in  curvature was 
greater for the post-near category.

M in im um  distance to  the  nearest w ind tu rb ine  varied w ith  cat­
egory and  species. Pre-construction , the trajectories for b o th  eider
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Figure 3. Curvature for all tracks both near (< 5 0 0  m to  turbines) and far (> 5 0 0  m to  turbines) pre- and post-construction of the  Nysted 
wind farm. Kruskal-Wallis: \ 2 =  664.8, d.f. =  3, a  <  0.05. Letters denote significant differences; multiple comparisons test, a  =  0.05.

and  all data  were n o t significantly different (Figure 5). 
Post-construction , the m edian  m in im u m  distance to  the  w ind- 
farm  area increased significantly by  104 m , from  56 to 160 m, 
for all trajectories. Eiders exhibited a greater response, the 
m edian  m in im u m  distance to  the  w ind-farm  area increasing 
from  50 to  224 m , a d isplacem ent o f  174 m . The response o f 
eiders to  the  w ind farm  and the  differences in  space use are illus­
trated  in  Figure 6. Post-construction , the  space used by eiders was 
reduced in  the  area o f  the  w ind farm  w hen com pared  w ith that 
p re-construction , and  there  was a corresponding  increase in  the 
use o f  su rround ing  areas, particularly  to  the south.

The add itional distance incurred  in  the presence o f  the  w ind 
farm  was ca. 500 m . The straight-line (great circle) distance 
betw een breeding and  w intering  grounds was ~ 1 2 0 0  km , requ ir­
ing an  estim ated energetic expenditure o f  13 300 k j for eiders to 
fly the distance. The estim ated distance o f  the  likely m igration  
rou te  taken by  eiders was 1400 km , equating  to flight costs o f 
15 200kJ. This difference betw een the two rou tes equates to a 
reduction  in  eider body  m ass o f  0.06 kg. Increasing the  distance 
travelled by  1 km  (equivalent to  twice the  distance associated 
w ith the Nysted w ind farm ) had  no  detectable energetic cost or 
extra loss o f  mass. O nly w hen the  d istance was increased to 
1450 km , i.e. equivalent to 100 Nysted w ind farm s, d id  the 
fu rther reduction  in  m ass o f  the  b ird  exceed 1% (Table 2).

Discussion
Little is know n o f  the effects o f  w ind farms on  b ird  populations 
because o f  a lack o f  pre- and post-construction  com parative

studies, and Stewart et al. (2007) highlighted the lack o f  rigorous 
analysis and the short du ra tion  o f  existing studies. A pplication o f  
the BACI (b e fo re -a fte r-co n tro l-im p ac t)  m ethod  is advocated as 
the gold standard  for study design in  the context o f  w ind farms, 
b u t is rarely feasible w ith tim e or m onetary  constraints and a lack 
o f  legislative necessity. W e present here an  unusual dataset recording 
b ird-m ovem ent data before and after the  construction  o f  an  offshore 
w ind farm , in  an  area o f  dense m igratory m ovem ents. This has 
allowed us to answer questions no t addressed previously.

Birds show  avoidance responses to  w ind farm s, b u t these vary 
w ith in  and betw een species (H ötker et al., 2006). C om parison  o f 
the  pre- and  post-construction  data  from  Nysted show ed that 
b irds adjusted their flight trajectories to avoid the  w ind-farm  
area post-construction . This was especially evident am ong 
eiders (Figure 6), w hich flew p redom inan tly  east to  west p re ­
construction  and northeast to  southw est post-construction , gener­
ally avoiding the  area w ith in  the  w ind farm . Few trajectories passed 
betw een the  tu rb ines and m ost b irds flew to  the sou th  o f  the  facil­
ity. The varia tion  in  trajectories recorded m ay b e  a result o f  differ­
ences in  the  distance a t w hich b irds show  avoidance, som e reacting 
to  the  w ind farm  at several kilom eters and  o thers at close range. 
The differences observed in  the rou te  taken a ro u n d  the  w ind 
farm  m ight also be due to differences in  the prevailing w ind direc­
tion  and a risk-aversion strategy to  prevent being blown in to  the 
turbines. Only six trajectories navigated to the north, all during 
the prevailing southerly winds; because eiders generally avoid 
flying over land, an  alternative explanation o f  the data m ay be that 
birds avoided travelling to  the n o rth  to  avoid proxim ity to  land.
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Figure 4. Curvature for eider tracks both near (< 5 0 0  m to  turbines) and far (> 5 0 0  m to  turbines) pre- and post-construction of the  Nysted 
wind farm. Kruskal-Wallis: \ 2 =  89.8, d.f. =  3, a  <  0.05. Letters denote significant differences; multiple comparisons test, a  =  0.05.

Several studies have suggested that birds avoid w ind farm s, bu t 
few have quantified  avoidance rates o r distances, and  these 
m easurem ents are vital to  understand ing  b ird -w in d  farm  in te r­
actions. Pettersson (2005) reported  that waterfowl rarely flew 
w ith in  100 m  o f  the w ind tu rb ines at Kalm ar Sound, Sweden, 
and  eiders at Tuno Knob, D enm ark, show ed avoidance at ca. 
200 m  from  th a t w ind farm  (Larsen and G uillem ette, 2007). 
These results are sim ilar to the m edian  m in im u m  distance o f 
224 m  observed am ong eider at Nysted post-construction , repre­
senting a displacem ent o f  174 m  from  the  p re-construc tion  state. 
O ther species flew closer to the w ind farm , b u t post-construction  
data  also show ed significant displacem ent. Hence, all b irds 
responded to  the  w ind farm , b u t eiders show ed a greater avoidance 
response. O ne explanation  for this could  be th a t eiders are m ore 
risk-averse w hen m igrating  th an  o ther species in  the study.

Fox et al. (2006) highlighted barriers to m ovem ent as one o f  the 
effects o f  w ind farm s on  b ird  populations. O ur study show ed that 
birds, eider in  particular, avoided the Nysted w ind farm  and  flew 
aro u n d  it, ra ther th an  betw een the turb ines. The extent to  w hich 
avoidance is considered an  im pact depends o n  the  species, the 
size o f  the  w ind farm , the  spatial arrangem ent o f  the  turbines, 
the type o f  m ovem ent, i.e. local m ovem ents betw een feeding, 
nesting, and roosting  areas, o r  annual m igrations, and the  incurred  
energetic cost (Fox et al., 2006). The Nysted w ind farm  has 72 tu r ­
bines occupying an  area o f  ~ 6 0  k m 2, so the  extra d istance required 
to  fly a ro u n d  the  farm  is alm ost certainly trivial for eiders 
m igrating  1400 km  o r m ore. Trivial o r no t, the  expectation was 
th a t curvature w ould  differ significantly betw een trajectories

recorded pre- and  post-construction  because o f  an  avoidance 
response. However, we predicted  there  to  be no difference in  cu r­
vature betw een trajectories far from  the w ind-farm  area pre- and 
post-construction , because the  b irds were travelling at distances 
far enough from  the area to  require no  change in  flight path. 
Figures 3 and 4 illustrate the  differences in  curvature pre- and 
post-construction  for all b ird  species as well as for eiders. The 
results for b o th  analyses indicated th a t b irds near the w ind-farm  
area flew farther post-construction . A m ong eiders, the  curvature 
was significantly greater for trajectories recorded near and 
post-construction, equating to  an  additional 500 m  travelled 
while traversing the  study area. W hen  all trajectories were 
analysed, all categories were significantly different. This result p rob ­
ably stems from  the high statistical power em anating from  the 
analysis o f  > 1 3  000 trajectories. The result is therefore statistically 
significant, b u t m ay no t be biologically significant o r relevant, 
and graphically (Figure 3) it w ould seem that there was little 
difference betw een the  categories pre-near, pre-far, and post-far.

General m igration  routes are know n for m any  species, bu t 
knowledge o f  the  fine-scale m ovem ents o f  birds o n  m igration  is 
lim ited. The B altic/W adden  Sea po p u latio n  o f  eiders m ainly 
w inters in  the w estern Baltic and  W adden Sea and  m akes the 
jou rney  back to the  Baltic Sea to  breed. Individuals from  this 
popu lation  therefore pass th rough  the  area o f  the  Nysted w ind 
farm  and  are potentially  im pacted  by  it. In  the extrem e, the ener­
getic costs o f  avoidance behaviour and  increased distance travelled 
w ould  reduce the  mass and  co nd ition  o f  an  indiv idual to  the  p o in t 
o f  adversely affecting breeding success. The m arginal increase in
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Figure 5. Minimum distance to  wind turbines for all tracks and only eiders th a t were < 5 0 0  m from the  turbines, pre- and post-construction. 
Letters denote significant differences; multiple comparisons test, a  =  0.05.

distance travelled by  eiders in  the  presence o f  the  Nysted w ind 
farm  was ca. 500 m , 0.04%  o f  the  estim ated distance travelled 
betw een w intering  and  breeding grounds. The cost o f  the 
add itional distance travelled to  avoid the  w ind farm  was u n d etect­
able, and  a response sim ilar to  th a t o f  passing 100 sim ilar w ind 
farm s was required  to achieve a loss in  bo d y  mass in  excess o f 
1% (Table 2). The energetic cost for a single jo u rn ey  avoiding 
one w ind farm  is therefore insignificant com pared w ith factors 
such as strong o r unfavourable w ind conditions (Pennycuick, 
1978; H edenström  and Alerstam, 1995). A lthough birds can 
choose favourable w ind conditions to  begin m igration, it is clear 
that w ind is undoubted ly  a m ore im portan t factor in  relation to 
the energetic cost o f  m igration th an  circum venting a w ind farm. 
This cost will differ annually dependent o n  w ind conditions: head­
w ind o r tailwind and w ind drift in  relation to  w ind direction 
(Alerstam and H edenström , 1998). However, no t only w ind bu t 
also o ther weather factors m ay affect the energetic cost o f  m igration. 
For example, seaducks prefer to  fly in  sight o f  the coast, so visibility 
will also dictate the length o f  the m igration route.

The Nysted w ind farm  m ay have lim ited im pact o n  the  eider 
population , b u t tw o larger offshore w ind farm s are p lanned  in 
the  w estern Baltic: 200 tu rb ines a t Kriegers Flak and 200 turbines 
sou th  o f  Ö land and  in  K alm arsund. I f  these and others are con­
structed  along the  eider m igration  rou te  the  im pact on  the  p o p u ­
lation  m ay increase. Eiders avoid flying over land and  navigate 
a ro u n d  so u thern  Sweden, as show n in  Figure 1 (Alerstam, 
2001), yet these sam e birds fly over m ain land  D enm ark  to  reach 
the  W adden Sea. The associated energetic cost o f  this behaviour

to  avoid land is also greater th an  that o f  navigating a ro u n d  the 
Nysted w ind farm  (Table 2). Similarly, the m igration  rou te  o f 
eiders has probably changed continuously  over the  past 10 000 
years, so eiders are well adap ted  to  m ore o r less constant 
changes in  their m igration  route. In  the  greater context, the 
effect o f  Nysted is ju st one o f  m any  ways in  w hich h u m an  activities 
im pact o n  b ird  populations, others being collisions w ith  buildings, 
p red atio n  by  dom estic anim als, clim ate change, and hun ting  
(W oods et al., 2003; Erickson et al., 2005; Veltri and Klem, 
2005; H untley  et al., 2007; Kurle et al., 2008). For exam ple, the 
annual D anish  hun tin g  “bag” for eiders is 30 0 0 0 -7 0  000 birds 
(C hristensen, 2008).

This study is based on  several assum ptions th a t should  be 
tested. It was assum ed th a t each jou rney  was an  independent 
event and  th a t individual b irds could com pensate for the extra 
energetic costs by  increased feeding rates betw een events. I f  this 
is n o t the  case, th en  the im pacts m ay be cum ulative over tim e 
(Kalm bach et al., 2004). W e considered a popu lation  undertak ing  
long-distance annual m igration, and  in  this situation  the  cost o f 
avoidance was trivial. However, if  the p o p u latio n  were com m uting  
daily, the  cum ulative energetic costs o f  frequently  avoiding a w ind 
farm  w ould  be greater (Fox et al., 2006). Exam ples o f  such beha­
v iour are com m on  scoter (M elanitta nigra) and  long-tailed 
ducks (Clangula hyemalis) m oving betw een m arine  feeding and 
roosting  areas daily du ring  w inter, o r breeding terns m oving fre­
quen tly  betw een m arine  foraging grounds and  terrestrial nest 
sites. M oreover, we only considered the displacem ent o f  ind iv id­
uals in  latitude and longitude, b u t n o t altitude. D esholm  and
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Figure 6. Kernels of space use by eider across the study area (a) 
pre-construction, (b) post-construction, and (c) the  difference in 
space use between (a) and (b). Darker colour represents greater use. 
Dots denote the  wind turbines.

Table 2. Estimated cost of flight associated with increasing 
distance travelled as a consequence of the  avoidance response of 
eiders to  wind farms (Pennycuick, 1989).

Nysted
wind-farm factor

Distance 
travelled (km)

Cost
(kj)

Fat burnt 
(kj)

Mass
(kg)

0 1 200 13 300 12 700 2.06
0 1 400 15 200 14 400 2.00
2 1 401 15 200 14 400 2.00
4 1 402 15 200 14 400 2.00
10 1 405 15 200 14 400 2.00
100 1 450 15 600 14 800 1.98
1 000 1 900 19 500 18 500 1.85
3 000 2 900 26 900 25 600 1.61
4 000 3 400 30 200 28 700 1.50

Kahlert (2005) reported  th a t the a ltitude at w hich b irds fly 
increased a t n ight, b u t th a t the trajectories could only be identified 
to  species level du ring  daylight. Here, therefore, a ltitud inal displa­
cem ent was n o t considered, b u t it m ay add to  the  im pact in  o ther 
scenarios. However, it is also possible th a t w ith increasing a ltitud i­
nal displacem ent, la titud in a l/lo n g itu d in a l displacem ent m ay be 
reduced w ith  individuals flying above ro to r height.

Conclusions
The additional distance travelled b y  eiders a ttribu tab le  to  the 
Nysted w ind farm  is unlikely to  im pact the p opu lation  because 
the increased d istance and  associated energetic costs appear to

be trivial. This conclusion agrees w ith th a t o f  Pettersson (2005), 
w ho investigated the  im pact o n  eiders o f  two offshore w ind 
farm s in  the K alm ar Sound, Sweden. However, the cum ulative 
effects o f  m any  sim ilar w ind farm s bu ilt along a m igration  rou te  
could  im pact a population . Also, if  o th er actions, such as hab ita t 
degradation, were to be at w ork  at the  sam e tim e, then  the  rela­
tively sm all effects o f  the  w ind farm  per se m ay becom e im portan t. 
Finally, we have considered a m igratory  scenario only: perhaps 
som e species interact w ith  w ind farm s daily and the effects m ay 
be greatly increased for such individuals.
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