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ABSTRACT

Wind-farmsreceivepublicandgovernmentalsupportasanalternativeenergysourcemitigatingairpol-
lution. However, they canhave adverse effects on wildlife, particularly through collision with turbines.
Researchonwind-farmeffectshasfocused onestimatingmortalityrates,behaviouralchangesorinter-
specificdifferencesinvulnerability.Studiesdealingwiththeireffectsonendangeredorrarespeciespop-

ulationsarenotablyscarce.Wetestedthehypothesisthatwind-farmsincreaseextinctionprobability of
long-livedspeciesthroughincrementsinmortalityrates.Forthispurpose,weevaluate potential conse-
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quencesofwind-farmsonthepopulationdynamicsofagloballyendangeredlong-livedraptorinanarea
wherethespeciesmaintainsitsgreateststronghold andwind-farmsarerapidlyincreasing.Nearlyone-
third ofall breedingterritories of our model speciesarein wind-farmrisk zones. Ourintensive survey
showsthatwind-farmsdecreasesurvivalratesofthisspeciesdifferentlydependingonindividualbreed-
ingstatus.Consistentwithpopulationmonitoring,populationprojectionsshowedthatallsubpopulations

andthemeta-populationaredecreasing.However,populationsizesand,therefore,timetoextinctionsig-
nificantlydecreasedwhenwind-farmmortalitywasincludedinmodels.Ourresultsrepresentaqualita-
tivewarningexerciseshowinghowverylowreductionsinsurvivalofterritorialandnon-territorialbirds
associatedwithwind-farmscanstronglyimpactpopulationviabilityoflong-livedspecies.Thishighlights
theneedforexamininglong-termimpactsofwind-farmsratherthanfocusingonshort-termmortality,as
isoften promoted by powercompanies and some wildlifeagencies. Unlike other non-natural causes of
mortality difficult to eradicate or control, wind-farm fatalities can be lowered by powering down or
removingrisky turbinesand/orfarms,andby placingthemoutsideareascritical forendangeredbirds.

1.Introduction

Greenhousegasemissionisthe primarycauseofanthropogen-
ically driven global climate change (Huntley et al., 2006), and
wind-farmsrepresentarelativelynewsourceofenergymitigating
air pollution associated with fossil fuel technologies (Nelson and
Curry, 1995).Thus, they have received strong publicand govern-
mental support as an alternative energy source (Leddy et al.,
1999).However,wind-farms canhaveadverse effectsonwildlife,
particularlythroughbirdandbatcollisionwithrotatingturbinero-
torblades(e.g.,.LangstonandPullan,2003;Baerwaldetal.,2008).

Populationviabilityanalysesareincreasinglyusedtoprovidean
ecologicalbasisfordecision-makingand,therefore,toguideman-
agementactionsforrareorendangeredspecies(e.g.,.Lindenmayer
andPossingham, 1996; Carreteetal.,2005; Oroetal.,2008).De-
bateontheeffectsofhumanactivitiesonwildlifesuchasthosere-
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latedtowind-farmdevelopmentsareparticularlyinneedofthese
typesofriskandimpactassessments.However,effortstowardthis
endhavebeenlargelydirectedtowardestimatingannualmortality
rates of different species or taxonomic groups (Smallwood and
Thelander,2008)and toward assessing behavioural changes(Lar-
senand Guillemette,2007)orinterspecificdifferencesinvulnera-
bility towind-farms (Garthe and Hiippop, 2004). Studies dealing
withlong-termpopulationeffectsofwind-farmmortalityarenota-
bly scarce,evenwhen current modelling procedures might allow
ustoobtainreliableforecastsoftheimpactofthesehumandevel-
opmentsonpopulationdynamicsstillwhenonlypoordatasetsare
available. In this sense, Population Viability Analysis (PVA) are
highlyusefultoassessingtrade-offsindata-poorcaseswhilecon-
tributing to precautionary actions and management decisions
(Thompson et al., 2001; Tuck et al., 2001; Cooney, 2004; Curtis
andVincent,2008).
Spainistheworld’sthirdlargestwind-powerproducerafterthe
United States and Germany, with more than 640 wind-farms
consisting of ca. 14,000 turbines, which produce 15,154MW of
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generating capacity (http://www.aeeolica.es). At the same time,
thiscountryisaregionvastlyimportanttowildlife, with popula-
tionstrongholdsofmanythreatenedEuropeanavianspecies(Bird-
lifelnternational,2000).Thus,asoccurredsomeyearsagowiththe
expansionofelectricpowerlines(FerrerandJanss, 1999), theef-
fects of wind-farms on species of conservation concern, such as
many raptors, should be carefully monitored and our “progress”
reconciled with biodiversity conservation (Telleria, 2009a,b). In-
deed, some ofthe highest levels of mortality at wind-farms have
been for this group, and different studies suggested that both
migratingbirdsandthoserestingandforaginglocallyareaffected
(BarriosandRodriguez,2004; Maddersand Whitfield,2006).

Our study hypothesis is that wind-farms increases extinction
probability of long-lived species through increments in mortality
rates. For this purpose, we evaluate consequences of wind-farm
developmentonthepopulationdynamicsofanendangeredlong-
livedraptor,theEgyptianvulture  Neophronpercnopterus .Thepop-
ulationsofthiscliff-nestingbird havesteadilydeclinedoverlarge
partsofitsEuropean,AfricanandAsianrangeduringthe20thcen-
tury.InpeninsularSpain,wherethebulkofitsbreedingpopulation
islocated(ca.80%; Donazar,2004),25%ofitsbreedingterritories
recently became extinct (Carrete et al., 2007) and the species is
thusregardedas‘endangered’,bothinSpain(Dondazar,2004)and
globally(BirdlifeInternational,2008;IUCN,2008).Abandonedter-
ritoriesof Egyptianvultureshave beenfoundtobeaggregatedin
extinction ‘hotspots’, mainly related to food availability, human
pressure(mainlyillegalpoisoningandingestionofantibioticsfrom
livestock),andisolationfromotherconspecificterritories(Carrete
etal.,2007; Blancoetal.,2007). Now, another threat can be in-
cluded in this list, with alarming numbers of Egyptian vultures
founddeadinthevicinity ofwind-farms(e.g.,in2008,eightindi-
vidualsfounddeadinwind-farmsofSouthernandNorthernSpain;
BirdlifeInternational,2008).Althoughitmaybeextremelydifficult
toexactlypredictfuturepopulationimpactsofwind-farmsonthis
vulture,evenacrude pictureoftheextenttowhichthese human
facilities may represent a potential threat is of great interest to
managers and policy makers throughout the worldwide distribu-
tionofthespecies(BirdlifeInternational,2008).Moreover,results
can then be extended worldwide to the management of other
endangered, long-lived species for which less demographicinfor-
mationisavailable,suchasgoldeneagles  Aquilachrysaetos ,Bonel-
lfseagles Hieraaetusfasciatus ,blackstorks Ciconianigra ,orredkites
Milvusmilvus ,andwhicharealsoexperiencingincreasedmortality
ratesatwind-farmsinothercountriesofEuropeorintheUS(Hunt
etal., 1999;BarriosandRodriguez,2004;Kuvleskyetal.,2007;de
Lucasetal.,2008).

2.Methods
2.1.Studyspecies

The Egyptian Vulture is a medium-sized, cliff-nesting, trans-
Saharanmigrantraptorthatdefendslong-termestablishedterrito-
riesduringthebreedingseason.Mostterritoriesholdasinglenest
(rarely 2-3 nests situated in the same or adjacent cliffs) that is
occupiedyearafteryearoverlongperiodsoftime.Thelong-term
monitoring of marked birds shows thatterritoriesare reoccupied
everyyearinearly Marchby their previousownersor,whenone
dies, by a replacement bird (J.A. Dondzar, ].R. Benitez, ].A. San-
chez-Zapata,].L.Tella,].M. Grande, unpublished data; seebelow).
Recruitment typically takes place at 6years of age, and during
thenon-breedingstage,atleastwhileinEurope,Egyptianvultures
visit predictable food sources and gather in communal roosts
(Carrete et al.,2007), moving all over their natal breeding areas
(J.A.Donazar,M.Carrete,A.Cortés,].M.Grande,unpublisheddata).

Thespeciesshowsdifferentialmaturityandavariety of plumages
that allow us to confidently assess their age before adulthood
(5years).

Although information ondispersalratesofthespeciesremains
scarce, data on individually marked birds suggest that Egyptian
vulturesarelargelyphilopatricandfaithfultotheirbreedingterri-
tories (Grande, 2006). Indeed, natal dispersal distances are rela-
tively short (36.39+42.48km; range=0-150.52km; n=22)and
breedingdispersal canbeconsideredasnearnull(onlyin7.5%of
203 breeding attempts of individually marked birds recorded
across peninsularSpaindid one ofthe breeders movetoaneigh-
bouring breeding territory which were always located at <5km;
J.A.Dondzar,].M.Grande,].L. Tella,unpublished data). These and
other sources of evidence suggested that the Spanish population
could actually be behaving as a meta-population divided into at
leastthreemainsubpopulations(Fig.1a).

2.2.Datacollection

Weusedinformationfromanintensivelysurveyedsubpopula-
tion to estimate minimum mortality rates of territorial and non-
territorial birds associated with wind-farms. Then, we extended
these results to the entire Spanish distribution of the species to
model potential populationoutcomesonalargespatialscale(see
Section3).

TheStraitofGibraltar(Fig.1b)isincludedamongthefourareas
in Spain with the greatest potential for producing wind-energy.
There,wind-farmshavebeenmonitoredsince1993bypowercom-
paniesand local governments, such thatarecord of the number,
date, location and causes of death (established by veterinarians
ofthe Wildlife Forensic Laboratory of the Junta de Andalucia) of
Egyptian vultures found dead is available (Diputacién de Cadiz
andJuntadeAndalucia).Atthesametime,allgeographicpositions
ofturbines( n =675)wereobtainedfromcurrentsatelliteimagesof
the study area so that distance from bird territories to point of
deathcanbeaccuratelycalculated.

From2000t02008,weintensivelysurveyedterritoriesofEgyp-
tianvulturesinthisareaanditssurroundings,allofthemincluded
withinthesoutherncoreofthespeciesinpeninsularSpain(Fig.1).
Breedingterritorieswereintensivelymonitored(range:3-7visits/
breedingperiod)toestimateproductivity(numberoffledglings)as
wellas toconfirmtheiroccupationbybreedingbirds. Otherwise,
adult absences were assertively detected almost weekly. At the
same time, wind-farm monitoring for bird carcasses was
intensified.

Searchesforbirdfatalitiesaroundeachturbinewerecarriedout
atstandardizedintervals(onceaweek)in27outof29wind-farms
withsurveillancelocatedinthestudyarea(12,000km 2).However,
weintensivelysearchedforbirdswhenanadultbirdwasnotpres-
entinits territory. Thus, we were quite confident in our assess-
ment of breeding bird mortality associated with wind-farms.
Mortality of non-breeding birds was less confidently obtained
sinceindividualswerefoundbutnotactivelysearchedfor.Follow-
ing de Lucas et al. (2008), no corrections for corpses that were
overlooked or removed by scavengers were applied, so our data
mayunderestimatethemortalityrateof Egyptianvulturesassoci-
ated with wind-farms. However, these authors stated that
although decomposition occurred over time, remains are present
inthestudy areaformonthstoyears,aperiod muchlongerthan
anyinter-searchinterval.

Thelarge-scaledistribution of Egyptian vultures was obtained
byusingtheresultsofthe2nd SpanishSurveyofthespeciesper-
formed by morethan600experiencedlocal ornithologistsduring
2000(fordetailsonsurveymethods, pleaserefertoCarreteetal.,
2007). Although this information may be slightly dated (1279
occupiedand 433 breedingextinct territoriesin 2000; Fig. 1b), it


http://www.aeeolica.es

. Central subpppul'atinﬁ"

e
Southern subpopulation h,

-

9
o

-
-
b 504
Notthern
T 0
® o Southem
g £ 304
5¥
§ @20
£
ke Central
E 10
B
o

Fig.1. (a)Distributionofoccupied(blackdots)andvacant(reddots)territoriesof Egyptianvulturesandhigh-riskareasassociated withwind-farms(grey)inpeninsular
Spain.Dashedlines separate the three main subpopulations constituting our meta-population. (b) Percentage ofoccupied (blackbars)and vacant(red bars)territories of
Egyptianvultures situated within the wind-farmrisk zones (<15km from wind-farms). (Forinterpretation of the references to colourin this figure legend, the readeris

referredtothewebversionofthisarticle.)

isusefulforourpurposessinceitcorrespondstotheentirebreed-
ingrangeofthespecies.Indeed,inthefewareasinwhichthespe-
cies is intensively surveyed, new territories always consist of
recolonizationofextinctones(Carreteetal.,2007).

Large-scale information on wind-farms was obtained online
from the Spanish Wind Energy Association (http://www.aeeoli-
ca.es),usingboththeirestimatedlocationasplottedontheirweb-
pageortheirpresenceinamunicipaldistrict(usingitscentroidas
anapproximatelocation).Allpointswerebufferedusingaradiusof
15km (i.e.the maximum distance at whichawind-farmkilled a
territorial Egyptian vulture; J.A. Dondzar, ].R. Benitez, J.A. San-
chez-Zapata,unpublisheddata)toachieveriskzones forthe spe-
cies (Fig. 1a, Table 1). To simplify analysis, no distinction
associatedwiththesizeofeachwind-farm(i.e.,numberofturbines
orsurfaceareaaffected)wasmade.

2.3.Demographicparameters

Arecentstudyusingindividuallymarkedbirdsshowsthatsur-
vival probabilities for Egyptian vultures are age-dependent
(Grande et al.,2008). Survival increased with age until birds ac-
quired theiradult plumage and searched forabreedingterritory,
atwhichpointitdecreased.Atolderages(>6years),survival was

Table1

higherforbothnon-breedingandbreedingadults(Table2).Other
aspects such as natal and breeding territory quality (measured
through their normalized difference vegetationindex, = NDVI, and
their mean long-term productivity, respectively; Grande et al.,
2008)alsoaffect survivalrates. Thus, baseline population projec-
tions were performed using age-specific survival rates obtained
by replacing information from each subpopulation on survival
modelsavailableforthespecies(Grandeetal.,2008).Reproductive
rates(i.e.,percentageoffemalesbreedingsuccessfully,andpercent
of broods with one or two offspring) were estimated from 2,470
breeding events recorded across subpopulations during 1983-
2008(Garcia-RipollésandLépez-L6pez,2006;G.Blanco,A.Margal-
ida, I. Zuberogoitia, ].M. Grande, O. Ceballos, A. Cortés-Avizanda,
Quique,J.A.Dondzar,].R.Benitez,].A.Sanchez-Zapata,unpublished
data).

In the intensively surveyed subpopulation (the southern one;
Fig. 1), mortality of territorial birds associated with wind-farms
was obtained by considering the number of breeders found dead
in these developments out of the total breeding population un-
der risk (i.e., number of breeders occupying territories within
the buffer risk zone). Mortality of non-territorial birds was also
calculated using information on non-breeding birds found dead
inwind-farmsoutofthe total non-breeding populationsize esti-

Subpopulationsizesand potential wind-farmriskforthe Egyptianvulturein peninsular Spain.Inbrackets, percentage ofbreeding territories.

Subpopulationsize

Wind-farmrisk

No.ofbreedingterritories No.ofnon-breedingbirds

Occupiedterritoriesunderrisk

Vacantterritoriesunderrisk Surfaceunderrisk(%)

Subpopulations

North 922 1685 376(41)
Centre 328 1050 15(5)
South 29 58 7(24)

101(32) 38.75
6(9) 18.46
17(31) 16.78
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Table2

Parameters used to simulate meta-population trends considering (1) survival rates of territorial and non-territorial birds without wind-farm effects and constant across
subpopulations(nullmodel),and(2)survivalratesofterritorialandnon-territorialbirdsaffectedbywind-farmmortality(wind-farmmodel).Standarddeviationsareinbrackets.

Dispersal rates

Reproductive rates

Survival rates

Null model Wind-farm model
Subpopulations  North Centre South % of females % of broods Territorial Non-territorial Territorial Non-territorial
breeding with 1 offspring birds birds birds birds
(to) successfully
1-2y:0.73 (0.02) 1-2 years: 0.72 (0.02)
High: 0.183 High: 0 0.894 3-4y:0.78 (0.01) 0.889 3-4 years: 0.77 (0.01)
North Medium: 0.0001 Medium: 0 58.85 60.36
Low: O Low: 0 (0.02) 5y: 0.60 (0.04) (0.02) 5y: 0.59 (0.04)
>6y: 0.75 (0.02) >6y: 0.74 (0.02)
High: 0.31 High: 0.02 1-2y: 0.73 (0.02) 0.891 1-2y: 0.72 (0.02)
e
Centre S Medium: 0 Medium: 0 63.57 71.19 0.891 3-4y: 0.78 (0.01) 3-4y: 0.77 (0.01)
Low: O Low: 0 (0.02) 5y: 0.60 (0.04) (0.02) 5y: 0.59 (0.04)
>6y: 0.75 (0.02) >6y: 0.74 (0.02)
High: 0 High: 0.702 1-2y: 0.73 (0.02) 1-2y: 0.72 (0.02)
South Medium: 0 Medium: 0 60 78.86 0.895 3-4y:0.78 (0.01) 0.892 3-4y: 0.77 (0.01)
Low: O Low: O (0.02) 5y: 0.60 (0.04) (0.02) 5y: 0.60 (0.04)
>6y: 0.75 (0.02) >6y: 0.74 (0.02)
mated(seebelow).Itisworthnotingthatindividualsfromother e -
subpopulations mayoccupythisareaduring migration(fromlate S Ppsr
February to early June, and from mid August to late September; o Breeding
Benitez et al., 2009). However, non-breeding birds were found /@)S """"""""" '@ po::iaﬁon
dead outside of these periods so we were confident that this S:/l tormt
mortality can be assigned to the local non-breeding fraction. o 23 ° e e ------------------- @ Non-breeding
Extrapolation of this impact of wind-farms on Egyptian vulture 812 —"81 "8 "85 —"Ss “S population
mortality to the other two subpopulations was done by floaters

using as a reference their percentage of occupied breeding
territories (for territorial bird mortality) or surface area (for
non-territorial bird mortality) exposed to wind-farm risks (see
before; Table 1).

Actualdispersal ratesamong subpopulations are unknown, so
weperformedoursimulationsbyincludingthreepotentialscenar-
iosofdispersalrates,corresponding to minimum (excluding zero
values),average,andmaximumnataldispersaldistancesobserved
for the species in one of the two largest subpopulations (2.47,
36.39,and 150.52km,respectively; Grande,2006).Dispersalrates
wereobtainedastheproportionofterritorieswithineachsubpop-
ulationthatcan“export”abirdtoanothersubpopulation(Table2).
Thatis,theproportionofterritorieswithinan*“exporting”subpop-
ulation is near a potentially vacant territory of the “importing”
subpopulation(i.e.,atadistance < tothedispersaldistanceconsid-
ered). As these values included in population projections were
arbitrarily obtained, we included this parameter (dispersal rate)
asarandom termin models comparing the effects of wind-farm
mortality on population viability estimates (population size and
probability of extinction; see below). Finally, total subpopulation
sizes were calculated by summing breeding and non-breeding
birds of the different age-classes as 2 xnBT+Prod

Fig. 2. Life cycle of the Egyptian vulture meta-population. Nodes represent the
different age-classes considered in the models (from 1 to 25years old), S; are
survivalratesofeachage-class  i;P:productivity. Themodelisonly forfemales.

nBT + X(Prod * nBT * S,) where nBT is the number of breeding
territories of the subpopulation, Prod is its mean productivity,
and S, is the survival of individuals at the different age-classes
(seeFig.2).

2.4.Modellingprocedures

WeusedtheprogramVORTEXV9,anindividual-basedsimula-
tion modelling tool widely used for population viability analysis
(Lacyetal.,2003), tobuild prospective stochastic age-structured
population models (only for females) to simulate the effects of
wind-farmmortalityonthe populationdynamicsof Egyptianvul-
tures. For this purpose, we obtained a null model without wind-
farmeffectsbyusingsurvivalratesofterritorialandnon-territorial
birds obtained for the species through Capture-Mark-Recapture
models(Grandeetal.,2008;Table2).Modelsincludingwind-farm
effectsweremadebyincludingourestimationsof mortalityrates



ofterritorialand non-territorial birdsassociated withtheseinfra-
structures.Reproductiverateswerethesameforallscenarios(Ta-
ble 1). Simulations were run over 100years for 100 different
iterations.Previousstudiescarriedoutinthenorthernsubpopula-
tion suggest that density-dependent process are not present,
maybe as a consequence of population decline (Grande, 2006);
thus,wedid notincludethiseffectduringmodelling. We consid-
ered that a population became extinct when only one individual
remainedalive.Meanpopulationsize(i.e.,numberofindividuals)
andprobability ofextinction(i.e.,proportionofiterations runbe-
foreapopulationbecameextinct)after 100simulatedyearswere
obtained asestimatesof subpopulationand meta-populationvia-
bility to make comparisons between our two scenarios (null or
wind-farmmodel; fixedfactor)throughGeneralized Linear Mixed
Models(Meanpopulationsize:errordistribution:normal,andlink

function: identity; Probability of extinction: error distribution:

binomial, and link function: logit). As dispersal rates were our
lesscertainparameter,weincludeditasarandomterminmodels.
Timesincethebeginningofthesimulation(inyears)wasincluded
inmodelsasacovariatetocontrolfornon-independenceofdata.

3.Results
3.1.Wind-farmmortality rates

From2004t02008,wefoundtwoterritorialandthreenon-ter-
ritorial (two young and one individually marked floater 6years
old)birdsdeadinwind-farmslocatedinourintensivelysurveyed
subpopulation,thesouthernone(Fig.1).Nearestdistancebetween
breedingterritoriessufferingfromthesecasualtiesandwind-farms
were6.37and 14.57km,soweused 15kmasaguidingradiusto
obtainwind-farmriskzones(seebelow).

The minimum annual mortality rate of territorial birds associ-
ated with wind-farms was 0.015+0.03 (range: 0-0.071). In this
way, vultures occupying territories located at fewer than 15km
away fromwind-farmshaveanextraprobabilityof0.015of mor-
talityduetocollisionwithaturbine.Theminimumannualmortal-
ity rate of non-territorial birds associated with wind-farms was
lower (0.00810.016; range 0-0.046). Thus, our intensive survey
ofthe southern subpopulation of Egyptian vultures suggests that
wind-farmscandecreasethesurvivalratesofthespecies,andthat
theseimpactsaredifferentdependingonindividualbreedingsta-
tus(breederornon-breeder).

3.2.Distributionofbreedingterritoriesand wind-farms

Nearlyone-thirdofallterritoriesknowntohavebeenoccupied
by Egyptian vultures in peninsular Spain in the late 1980s
(n=1712)wereincludedwithinourwind-farmriskzones,territo-
riesoccupiedin2000representingthelargestpartofthispercent-
age when compared with extinct ones (Table 1). However, risk
associated with wind-farms was notregularly distributed among
subpopulations. Inthe north, where wind-farms are very numer-
ous( n =497;Fig.1aandTable1),upto40%ofoccupiedterritories
canbeconsideredasatrisk(i.e.,includedwithinanareaof15km
radiusaroundwind-farms; Table 1), whilethecentral subpopula-
tionseemedtobetheleastaffected(ca.5%ofoccupiedterritories
underwind-farmrisk;Table1).Similarly,extinctterritorieswithin
wind-farm risk zones were more frequent in the north and the
south(Table1).

3.3. Populationeffectsofwind-farms

Taking into account previous estimates of mortality rates at
wind-farmsinthesouthernsubpopulation,wecalculatedpotential

effectsofthesedevelopmentsintheothertwosubpopulations(Ta-
ble 2). Changes in survival rates of territorial and non-territorial
birdswerelargerinthenorthernsubpopulation.Inthecentralsub-
population,wind-farmsaffectalownumberofbreedingterritories
(Table1),sosurvivalrate ofterritorial birds was only slightly af-
fected(Table2).

Allpopulationprojectionshavestochasticgrowthrates(stoc-r)
lowerthan1(ranges:Nullmodels=  —0.083to —0.242;Wind-farm
models= —0.091to —0.254),indicatingthattheentiremeta-popu-
lation isdecreasing. Thisdetrimental resultderived fromsimula-
tions is consistent with field monitoring showing a generalized
decline of the species in Spain (Carrete et al., 2007). However,
wind-farmsworsenthesituationsincemeanpopulationsizeswere
notalwaysequalinthetwoscenariosconsidered(Fig.3a).Except
forthesmallercore,meanpopulationsizesweresignificantlylar-
gerinnull models thanin modelsincluding wind-farm mortality
(Fig. 3, Table 3). Accordingly, models including mortality rates
associated with wind-farms significantly increased probability of
extinctionofall subpopulations by reducingtheir time toextinc-
tionand, therefore,oftheentiremeta-populationwhencompared
tonullmodels(Fig.3,Table3).Largerconnectivityratesbetween
subpopulations accentuate the effects of wind-farm mortality
(Fig. 3), although it seems unlikely taking into account previous
information on dispersal of the species (see before). Thus, wind-
farms should be considered as havinga potentially notable effect
on meta-population dynamics. Regardless, GLMM showed that
wind-farmeffectsonmeanpopulationsizeswereconsistentacross
thedispersalratesused(Table3).

4.Discussion

Mostresearchontheeffectsofwind-farmsonwildlifehasbeen
based on short-term, local-scale studies devoted to quantifying
collisionratesofbirdswithturbinesaswellastofactorsinvolved
ininfluencinginterspecificandlocal variability (forrevisions, see
Drewittand Langston,2006; Kuvleskyetal.,2007; Stewartetal.,
2007).Althoughreviewsonthissubjectshowthattheimpactsof
wind-farmsonbirdscanbe,insomecases,statisticallysignificant,
considerable uncertainty remains about whether the impactsare
biologically significant and whether the magnitude of these im-
pactsissubstantial.Thus,thewidespreadbeliefisthatwind-farms
have,atmost,alowimpactonanimalpopulations( whatis3%ofa
bird? Marris and Fairless, 2004), displacements of individuals to
other areas without disturbance but less probably long-term
reductionsinpopulationsizesbeingresponsibleforlocalchanges
inabundances.However,evenwhenimpactswerehighlyvariable
dependingonspeciesandlocation,longeroperatingtimesofwind-
farmshavebeennegativelyrelatedtobirdabundancessuggesting
thatshort-termmonitoringisnotadequatetoassesstheactualim-
pactsofwind-farmsand,ofgreaterconcern,thatnegativeeffectsof
wind-farms on bird abundances could resultin majorimpactsin
onlyafewdecades(Stewartetal.,2007).

Wind-farm impact on population viability has been largely
overlooked even when low levels of additional mortality can be
significant for long-lived species with low productivity and slow
maturation rates, as is the case with many endangered or rare
long-livedspecies(S setherandBakke,2000).Inthissense,demo-
graphic models including specific life-history traits are the only
valuable tools to properly examine the actual impact of wind-
farmsonwildlife,withallotherattemptsbeingfutilespeculations
lacking consistent support. Here, we present one of the few at-
temptstoassessdemographicconsequencesofwind-farmmortal-
ityonalong-livedendangeredspecies,usingasastudymodelthe
Spanish population of Egyptian vultures. Although not quantita-
tivelyprecise,ourresultsshouldbeviewedasaqualitativewarn-
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Fig.3. Prospectivetrajectoriesofthethreesubpopulationsandthewholemeta-populationofEgyptianvulturesinSpainconsideringsurvivalratesobtainedusingthebasic
survivalmodelofthespecies(nullmodel;dashedlines),andsurvivalratesexpectedunderwind-farmrisk(wind-farmmodel;solidlines).Simulationsweredoneunderthree
dispersalscenarios,namelylow(lightgreyline),medium(darkgreyline),andhigh(blackline)dispersalrates(seetextfordetails).Linesaremeanvaluesofthestochastic

runsforeachtimestep.

ingexerciseshowinghowverylowreductionsinsurvivalratesof
territorial and non-territorial birds ( —0.015and -0.008, respec-
tively)associatedwithwind-farmscanhavesignificantpopulation
impacts.Itshould be mentioned thatincorporating otheraspects
intomodelling proceduressuchasdetailedspatialdimensionsef-
fectswouldbeevenmoresevere(e.g.,Nielsenetal.,2008).Regret-
tably,thispaperdoesnotrepresentalocal,specificsituationbuta
widespread scenario that should be carefully analyzed given the
many other long-lived endangered species also killed at wind-
farmsindifferentEuropeancountries(e.g.,atleast10white-tailed
seaeagle Haliaeetusalbicilla peryearinNorway;http://www.statk-
raft.com/pub/wind_power/feature_articles), in the US (e.g., 65
goldeneagles Aquilachrysaetos inCaliforniaperyear; Smallwood
andThelander,2008)andinAustralia(e.g.,atleast 12 Tasmanian
wedge-tailed eagles Aquila audax fleayi in 4years; http://
www.windaction.org/news/17683).Consideringthattheserecords
arelargerthanourdataonmortalityandapplyingbothscientific

and ethical rationality (Shrader-Frechette and McCoy, 1992;
Cooney,2004),wealertonpotentialnegativeeffectsofwind-farms

ontheconservationofmanyendangeredspecies.Moreover,taking
intoaccountthePrecautionaryPrinciple,whichwasrecognizedas
afundamentalelementofenvironmental policyattheRioConfer-
enceof1992,werecommendconsideringthiscauseofmortalityas
animportantfactorpotentiallyjeopardizing wildlife conservation
worldwide.
Ingeneral,territorialraptorsarefaithfultotheirbreedingsites,
and most studies on wind-farm effects indicate that disturbance,
and, therefore, displacement of birds to other areas, appears to
be negligible (Madders and Whitfield, 2006). Thus, wind-farm
effects are expected to be mostly direct, throughrisk of collision
withturbines.Althoughsamplesizeissmallandoursearchproce-
duresmaybeslightlybiasedtowardterritorialbirds(seemethods),
datarecorded duringour intensive monitoring suggest thatbirds
linked to specific areas such as territorial owners, those fledging
during dependence periods, or birds prospecting for vacanciesin
the breeding populationare more prone to death by turbines. As
occurswithotherspecies(Fieldingetal.,2006; Telleria,2009a,b),
the location of a wind-farm can be important in reducing their
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Table3

Effectof wind-farmmortality on populationsizes and probability of extinction. Time wasincluded inmodels toreduce non-independence in temporal trends whiledispersal

rateswere consideredasarandomterm.

Time Wind-farmeffect Dispersalrates
Meanpopulationsize
North Fy 601 =6746.97, p <0.0001 F1 601 =53.95, p <0.0001 z=1.00, P=0.1590
Centre Fy 601 =6199.64, p <0.0001 Fy 601 =6.67, p=0.01 z=1.00, P=0.1593
South F1601 =1339.18, p <0.0001 F1601 =0.23, p=0.6283 z=0.99, P=0.1616
Meta-population Fy 601 =7043.03, p <0.0001 F1 601 =43.01, p <0.0001 z=1.00, P=0.1590
Time Wind-farmeffect Dispersalrates
Probability ofextinction
North Fy 505 =4305.96, p <0.0001 F 505 =938.13, p <0.0001 z=1.00, P=0.1588
Centre F 595 =6241.15, p <0.0001 F1 601 =141.69, p <0.0001 z=1.00, P=0.1588
South Fi 505 =554.13, p <0.0001 F1 601 =40.61, p <0.0001 z=0.99, P=0.1603

Meta-population Fy 595 =4835.97, p <0.0001

F1,601 =883.88, p <0.0001 z=1.00, P=0.1590

impact on Egyptian vultures. The translation of our results into
managementguidelinesisnotstraightforwardsinceterritoryown-
ers -and also non-territorial birds, varied in their individual
patterns of movements (J.A. Donazar, ].R. Benitez, ].A. Sdnchez-
Zapata,M.Carrete,A.Cortés,].M.Grande,unpublisheddata).How-
ever,site-specificfeaturesofterritoryusageapart,turbineslocated
within a 15km radius from nests (the equivalent to our risky
zones)shouldbe apriori avoided.Occupiedbutalsovacantterrito-
riesofthespeciesshouldbetakenintoaccountsincenewcoloni-
zationsorbreedingdispersal events would occur mostly at these
sites(Carreteetal.,2007).

Sourcesofextinctionriskthatincreasemortalityratesofrepro-
ductive individuals and, therefore, perturb the balance between
fecundity and longevity can be particularly harmful for species
withslow-lifestyles(i.e.,specieswithlargebodysizethatmature
late,producefewoffspringandhavealonglifeexpectancy,Owens
and Bennett, 2000), such as many raptor species. Thus, manage-
mentactionsshouldbedirectedtowardtheeradication,ifpossible,
or reduction of factors affecting survival rate of breeders (e.g.,
Whitfield et al., 2004; Carrete et al., 2005; Oro et al., 2008). In
ourcase,anddespitedifficultiesinrecordingaccurateinformation,
the illegal use of poison to control predators was significantly
implicatedinthevacancyofnumerousotherwisesuitableterrito-
ries(throughthedeathofterritoryowners)andintherapid pop-
ulation decline of the Egyptian vulture in Spain (Carrete et al.,
2007).0thercausesofmortalityinterritorialbirdssuchasinges-
tionofveterinarydrugs,electrocutionorcollisionwithpowerlines
and,recently,collisionwithturbinesatwind-farmshavebeenalso
recorded (Blanco et al., 2007; J.A. Donazar, ].R. Benitez, J.A. San-
chez-Zapata,].M.Grande,unpublisheddata). Evenwhentherela-
tiveimportance ofall ofthesefactorsisverydifficulttoestablish
mainly because detectability of corpsesis differentdepending on
the cause of mortality, they have a cumulative effect that should
be constraining population dynamics. Unlike other non-natural
causes of mortality, such as illegal poisoning, which are difficult
toeradicateorcontrol, wind-farmfatalities canbeeasilyreduced
by simply powering down risky turbines during specific periods
oftheyearatoperating wind-farms showing high collisionrates.
Current strategies implemented by power companies are based
onvigilance of risky areas such that turbines are stopped when
birdsapproachthem.However,thismeasurehasbeencompletely
inefficientin cases of solitary territorial birds that are rarely de-
tectedbyobservers(J.A.Donazar,].R.Benitez,].A.Sanchez-Zapata,
M.Lob6n,unpublisheddata).Othermoredrasticsolutionssuchas
removingspecificturbinesorwind-farmsaresometimesnecessary
toreduce theincidence of this mortality factor. In some areas of
Spain where large numbers of bird fatalities associated with
wind-farms have been reported governmental organizations are
adoptingthesekindsofmeasures.However,themosteffectiveac-
tionshouldbetoavoid wind-farm developmentsinareasimpor-
tantforbirds.

Mostpublicand governmental supporttowind-farmsisbased
ontheircapacitytogenerateenergy while notcontributingtoair
pollution associated with fossil fuel technologies. Thus, some
authorshavespeculatedthattheirnegativeeffectsshouldbecon-
textualizedbyconsideringnegativeeffectsassociatedwithclimate
change(Stewartetal.,2007).However,thereality oftheworld of
wind-energyismuchmorecomplex.First,wind-energyrepresents
only a very small percentage of the total energy currently used
(e.g., 1% in the US, the country with the highest contribution of
greenhouse gases and the world’s number one wind-power pro-
ducer) and, regrettably, future projections predict an increase to
no more than 6% of total energy used (American Wind Energy
Association). Secondly, because wind is an intermittent resource,
wind-farmproductionmustrely onconventional power plantsto
back up its supply. Thus, when combined with the CO > emitted
and pollutants released in the manufacture and maintenance of
wind-farms (i.e., turbines and the associated infrastructure),
substituting fossil fuels for wind-energy does little to reduce air
pollution. Thirdly, and no less important, wind-farms are land-
intensiveand unsightly, theirmaintenancerequireskilometres of
roads and power lines which also contribute to reducing habitat
availability and quality (Ferrer and Janss, 1999; Bautista et al.,
2004;Sergioetal.,2004;LaioloandTella,2006),andcanseriously
jeopardizeendangeredorrarebirdspeciesthroughcollisionfatal-
ities,asshowninthispaper.

5.Conclusions

Thedevelopmentofwind-energyisacentralcomponentofthe
Europeanobjective of reducing the emission of greenhouse gases
by increasing the proportion of energy derived from renewable
sources.Indeed,attheendof2008,therearemorethan640wind-
farmsinSpaincapableofproducing14,145MW,andtheobjective
envisagedinthe5-yearSpanishPlanforRenewableEnergiesisto
reach 20,155MW in 2010 (Spanish Wind Energy Association,
http://www.aeeolica.org). Thus, the expansion of wind-farms in
Spainissettocontinue.However,aswehaveshownhere,current
wind-energydevelopmentshavearealimpactongloballyendan-
geredwildlife andthepotentialimplicationsofwind-farmsforbirds
(and although less studied, for bats) are of even greater concern
whenconsideringthescaleoffutureproposalsimmediatesolutions
to this conservation problem must involve powering down or
removing risky turbines or wind-farms, while future locations
shouldbeplannedwithconsiderationofthespatialdistributionof
endangeredorrarebirdspecies.Inthelong-term,alternativesolu-
tionstopresentwind-farmdevelopmentsshouldbeconsideredin
ordertoreconcilebiodiversityconservationtohumandevelopment.
Meanwhile,asweshownhereandasaprecautionaryguideline,tur-
bineswithinspecificradiusfromnestsitesofsensitive,endangered
orrarespeciesshouldbeconsideredasriskyones.


http://www.aeeolica.org

Virtually every aspect of biodiversity from species numbers to
threatstopopulations(Thompsonetal.,2001)orsustainablehar-
vestlevels(CurtisandVincent,2008 Jareplaguedwithuncertainty.
Thus,biodiversityconservationmaybeafieldinwhichtheprecau-
tionary principle is immediately and urgently relevant (Myers,
1993).However, traditional approaches havebeentorequire evi-
dence ofenvironmental harm before actingtorestrictindividual,
corporateorstateactions(Cooney,2004).Here we offerevidence
againstthe currentassumption of wind-farms havealowimpact
onwildlife(deLucasetal.,2008),and we advocate the consider-
ationoftheprecautionaryprinciplewhenallowingthisandsimilar
humandevelopmentswhichcanbeharmfulforthelong-termcon-
servationofendangered,long-lived vertebrates.
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