


sources,wind facilitiescanthreatenwildlife directly(e.g.,collisionmortality) andindirectly
(e.g.,displacement)[2±6].Themagnitudeof indirect effectsof wind facilitieson wildlife are
variable.Forexample,theimpactson elk(Cervus elaphus [7]), pronghorn(Antilocapra ameri-
cana [8]), greaterprairiechicken(Tympanuchus cupido [9]), anddeserttortoise(Gopherus
agassizii [10]) appearlimited or benign.However,somespecies,suchasgreatersagegrouse
(Centrocercus urophasianus) respondnegativelyto turbinepresence[11]. Negativeimpactsof
wind facilitieson wildlife mayintensifywith thecurrentrapidexpansionof thewind industry
[12,13].For instance,United States(US)wind powerhastripled in thepastdecade[14], and
is forecastto morethanquadrupleby2050[1, 15].

To date,themajority of researchon theeffectsof wind facilitieson wildlife hasfocusedon
mortality of birdsandbats(seeSchusteretal.[6] for review).Turbinecollisionmortality in
theUShasbeenreportedfor 300bird species,with smallpasserines(Passeriformes)compris-
ing 57%of USfatalities[2]. Recentestimatesof annualbird fatalitiesin North Americahave
rangedbetween140,000and679,000[5, 16,17],thoughthenumberof USturbineshas
increasedbymorethan35%sincethoseestimateswereprovided[14]. Thereisparticularcon-
cernregardingraptorsof low abundance[2, 18,19],whoselow reproductiveratesandhigh
adultsurvivalmayhamperrecoveryfrom mortality atwind facilities[6, 20].However,for
mostbird species,wind turbinescontributeasmallamountto totalanthropogenicmortality
[21] andmaynot significantlyimpactvital rates(e.g.,annualsurvivalprobability)andstate
variables(e.g.,abundance,density,occupancy)at thepopulationlevel.

Wind energydevelopmentmayhavegreaterimplicationsfor theconservationof bats.Mor-
tality by turbinecollisionhasbeenrecordedfor 24of North America's47batspecies,primarily
migratorytree-roostingbats[22]. Comparedto manypasserinebirds,wind turbinesmayhave
amorepronouncednegativeimpacton migratorytreebats.At themajority of USwind facili-
tiesthathavebeenexamined,batmortality hasbeenestimatedto behigherthanbird mortality
[2, 6]. Estimatesof annualbatfatalitiesin North Americahaverangedbetween600,000and
949,000,but similar to birds,thenumberof USturbineshasincreasedsubstantiallysincethese
estimatesweredeveloped[14]. High batmortality isof particularconcernbecausebasicdemo-
graphicinformation is lackingfor manyspecies,makingpopulation-levelinferencesof the
impactsof wind facilitiesunfeasible[23,24].Further,since2006,manybatsspecieshavebeen
severelyimpactedbywhite-nosesyndromeandadditionalmortality from wind facilitiescould
impactrecoveryof speciesof specialconcern[25]. However,it shouldbenotedthatmigratory
treebatsthatexperiencethemostmortality atwind facilitiesarenot asaffectedbywhite-nose
syndrome[26]. Finally,becausebatshavelongerlife cyclesandlowerreproductiveratesthan
manybird species,populationsmaybelesslikely to remainstablewhenfacedwith additive
anthropogenicmortality [22].

Despiteresearchto date,thereremainsashortageof information on thespatialarrange-
mentandpatternsof carcassesatwind facilities[27]. Understandingwhatinfluencesfall dis-
tance,thehorizontaldistancebetweenacarcassandthenearestturbinepole,is important in
designingeffectivecarcasssearchprotocols(e.g.,specifyingaminimum searchplot radius)
[27,28]andin accuratelyestimatingtotalmortality [29,30].Forexample,largecarcasseshave
agreaterpossiblefall distance[27] andhenceahigherlikelihoodof beingmissedduring sur-
veyswith smallsearchradii (e.g.,becauseof nearbyvegetationrestrictions)[31]. Thus,
accountingfor differencesin detectionprobabilitiesof largeandsmallcarcassesisnecessaryin
reliablyestimatingmortality rates[31,32].Paststudieshaverecognizedthat theremaybe
otherfactorsthat influencefall distancein asimilar fashionto carcasssize,but research
remainssparse[29,30,33].Forexample,theeffectof turbineheighthasbeenmodeled[27]
but empiricalstudiesandinvestigationsof theeffectof turbine rotor diameteron fall distance
arelacking.Theeffectof animaltype(i.e.,bird/bat) andcarcasssizehasbeenbothmodeled
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[27] andempiricallyshown[22,34]but thesestudieshaveusedsubjectivelydefinedsizecate-
gories(large/small)andcouldbeimproveduponbyusingfiner sizeclassifications.Falldis-
tancemayalsovaryaccordingto migrationbehavior(e.g.,long/shortdistanceandnocturnal/
diurnal),whichisknown to influencecollisionrisk [2, 29].A betterunderstandingof thefac-
torsaffectingfall distanceaswellasthedistribution of fall distancesitselfwill leadto higher
qualitymortality estimatesandaclearerimageof theimpactof wind facilitieson birdsand
bats[29,30].

Currentestimatesof bird andbatmortality atwind facilitiesaresubstantiallyvariabledue
to non-standardizedsurveymethods[16,32]andinconsistentsamplingof wind facilities
acrosstheNorth Americancontinent[2]. Likewise,in someregions,information aboutcar-
cassspeciescompositionisbasedon datafrom arelativelysmallnumberof wind facilities.For
example,Ericksonetal.[17] andtheAmericanWind Wildlife Institute(AWWI) [34] summa-
rizedspeciescompositionfor theeasternNorth Americanbiomebasedon datafrom eightand
20wind facilities,respectively.Eachof thesestudiesimproveduponpastknowledge,but more
extensivereviewshavebeencalledfor to clarifyandconfirm findingsof speciescomposition
andcollisionrisk [17,34].Manywind facilitiesreport theresultsof carcasssurveysto theUS
FishandWildlife Service(USFWS)in accordancewith federalpermitting,but muchof this
datahasnot beendisseminatedto thepublic [16]. In theNortheasternUS,44wind facilities
havereporteddatato theUSFWS,presentingtheopportunity for asubstantialimprovement
in our understandingof regionalspeciescompositionof bird andbatfatalitiesatwind
facilities.

Here,weinvestigatedadatasetof bird andbatfatalitiesatwind facilitieslocatedin the
NortheasternUS.Our objectiveswereto: 1) generallydescribetaxonomicpatternsof bird and
batmortality,and2) examinewhetheranimaltype(bird/bat),bodysize,migrationbehavior,
or turbinesizeinfluencethefall distancesof carcassesassociatedwith turbines.

Methods
Between2008and2017,theUSFWSreceivedrecordsof individual bird andbatfatalitiesfrom
asubsetof wind facilitiesin theNortheasternUS(Fig1).Facilitiessubmittedthesereportsasa
condition of eitheraMigratory Bird TreatyAct specialpurposeutility permit or scientificcol-
lectingpermit,whichallowedfor collection,transport,or possessionof migratorybirdsfor
mortality monitoring or scientificresearchandeducationalpurposes,respectively.Fifty per-
centof permitteesvoluntarily reportedbatfatalities.Weareunsurehowmanyof thesefacili-
tiesmayhavealsocontributeddatato studiessuchasthosebyAWWI [22,34].However,we
include44totalwind facilities,comparedto 20in theeasternregionof North America
includedbyAWWI [34]. Thus,themajority of wind facilitiesin our studycontributenewdata
in examiningspeciescomposition.

Wesupplementedfatalityrecordswith classificationinformation andmodelcovariates.By
species,weaddedmigrationstatus(i.e.,resident,migrant,partialmigrant)andpopulation
data[35], taxonomicclassificationinformation [36,37],trophic guild information [38], timing
(nocturnal/diurnal)anddistance(long/short)of migration [39], andbodymass[37±39].By
wind facility,weaddedturbinehubheight(distancefrom thegroundto therotor center)and
rotor diameter[14]. Wecreatedaseconddatasetusingonly fatalityrecordsthat includedfall
distanceandsupplementedit with datafrom online,publiclyavailablepost-construction
reportsfor two additionalNortheasternUSwind facilitieswith largesamplesizes,Criterion in
Maryland[40,41]andRecordHill in Maine[42].

Weusedthelme4package[43] in R[44] to creategeneralizedlinearmixedmodelsfor fall
distance(m) of 1) birds,2) bats,andcollectively,3) birdsandbats(hereafterreferredto asthe
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birds-only,bats-only,andall-taxamodels).Our predictorvariablesin thesemodelsrelatedto
turbinedimensionsandanimalcharacteristics(Table1).All modelsfeaturedaPoissonproba-
bility distribution with alog link andarandomeffectfor wind facility.Prior to modelcon-
struction,wecenteredcontinuouspredictorson their meansandscaledthemby two standard
deviationsto assistmodelconvergence[45] andenablelatercomparisonof modelcoefficients
[46]. Wealsoroundedfall distancesto thenearestintegerto meetthePoissondistribution's

Fig 1. Cumulative number of bird and bat fatalities reported to the US Fish and Wildlife Service between 2008

and 2017 by 44 wind facilities in the Northeastern US. Statesin graydid not reportanyfatalities.Exactlocationsof
wind facilitiesthat reporteddataarewithhelddueto privacyconcerns.Blackcirclesrepresentall wind facilitiesin the
Northeastern USandsizeindicatesthenumberof wind turbinesin eachfacility [14].

https://doi.org/10.1371/journal.pone.0238034.g001

Table 1. Predictor variables used in generalized linear mixed models of bird and bat fall distance.

Predictor Variable Description Source(s)

Massa,b,c For birds,species'malebodymass.For bats,meanof species'minimum and
maximumbodymass

37,39,
48

Turbinehubheighta,b,c Distancefrom thegroundto therotor center 14

Turbinerotor
diametera,b,c

Sweepdiameter of turbineblades 14

Turbinediameter:
heighta,b,c

Interactionterm betweenturbinehubheightandrotor diameter 14

Animal typea Bird or bat NA

Migration distanceb Long-or short-distancebird migrant 39

Migration timingb Nocturnalor diurnal bird migrant 39

aAll-taxamodelpredictorvariable
bBirds-only modelpredictorvariable
cBats-onlymodelpredictorvariable

https://doi.org/10.1371/journal.pone.0238034.t001
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assumptionof non-negativeintegervalues.Whereturbinedimensionsvariedwithin anindi-
vidualfacility,weassignedto eachrecordthemostcommonhubheightandrotor diameter
for that facility.Weremovedfatalityrecordswith fall distancesgreaterthan100m, assuming
from previousmodeling[27] that theserecordswerelikely unrelatedto turbinecollision.We
alsoremoveddatathat lackedspecies-specificmassvaluesdueto missingor unknownspecies
classification.Lastly,for thebirds-onlymodels,weremovedrecordsassociatedwith non-
migratoryspecies,which lackedmigrationdistanceandtiming values,thereforeviolating
requirementsfor latermodelcomparison[47].

Rankingmodelsaccordingto theInformation-Theoreticapproach[48], wefirst con-
structedglobalmodelscontainingall applicablepredictorvariables(Table1).Wethenassessed
for multicollinearityamongpredictorvariables,removingvariablesaccordingto highestvari-
anceinflation factor(VIF) [49] until all VIFswerelessthan3 [50]. Next,wemeasuredthefit
of eachglobalmodel(birds-only,bats-only,andall-taxaglobalmodels)byusingtheMuMIn
package[51] in Rto calculateamarginalandconditionalpseudor-squaredbasedon theTri-
gamma-estimatemethod.Wethencalculatedadispersionparameterfor eachglobalmodel
usingtheratio of residualdevianceto theresidualdegreesof freedom.Whereoverdispersion
wasevident(i.e.,dispersionparameter> 1 [52]), wedid not attemptanobservationlevelran-
domeffect[52], asthiswouldhavepreventedmeaningfulinterpretationof themarginaland
conditionalpseudor-squaredvalues[45].

Wethenconstructedcandidatemodelsfrom all combinationsof theglobalmodels'predic-
tor variablesandrankedthemusingAkaike'sInformation Criterion (AIC) or, if theglobal
modelwasoverdispersed,Quasi-AIC(QAIC [53]). Weconsideredcandidatemodelswith
ΔAIC < 6 assupportedby thedata[45,54,55].Next,weremovedmodelswith uninformative
parametersfrom themodelsetsaccordingto theprocedureoutlinedbyLeroux[56]. In this
process,weconsideredlog likelihoodsvirtually identicalwhentheydifferedby lessthantwo.
Weperformedmodel-averagingwhenmultiple modelsmettheΔAIC andinformativeparam-
etercriteria.In averagingtop modelsets,weusedthenaturalaveragemethodoverthezero
methoddueto our generalinterestin all predictorvariablesandour expectationthatsome
effectsmight beweak[57]. Weconsideredcoefficientsasaffectingfall distanceif their 95%
confidenceintervalsdid not overlapzero.

During exploratoryanalysis,wenotedpossiblemulti-modality in thedensitydistributions
of bird andbatfall distances.To verify thisobservation,weperformednon-parametrictests
usingtheACRmethod[58], asimplementedby themultimodepackage[59] in R.We
includedall bird andbatrecordswith fall distanceinformation andvaluesof 100m or less.
Our null hypothesisin thesetestswasunimodality,with α = 0.05.Wesetthelowerlimits for
thesetestsat0 m (carcasseswith adistanceof 0m werefounddirectlynextto theturbine
base)to reflectthenon-negativenatureof distancevalues.Althoughdatarangedto 100m, we
setour upperlimit for testingto 60m afterobservingthat theACRmethodtendedto identify
modesat thelocationof singledatapointsin thefar right tail of thefall distancedistribution
whenallowedto searchout to 100m. Weconsideredthesefar-right modesasreflectingnoth-
ing morethanthemethod'scomputationallimitationsundersparsedataconditions.Weran
all otherfunction parametersatdefaultvalues(see[52] andS1Code).Followingthesetests,we
usedthemultimodepackage'simplementationof ChaudhuriandMarron's[60] SiZer(SIgnifi-
cantZERocrossingsof derivatives)to mapthelocationof significant(α = 0.05)increasesand
decreasesin density,andtherebygatheredasenseof thepotentialnumberandlocationof
modes.Basedon theseimpressions,weestimatedthelocationof modesusingtheHall and
York [61] methodwithin themultimodepackage,againspecifyingthelowerandupperlimits
as0and60m, respectively.
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Results

Taxonomic and temporal patterns

Forty-fourwind facilitiesreported2,039bird fatalitiesspanning17orders,41families,128spe-
cies,and22trophic guilds(for acompletelist of reportedbird species,seeS1Appendix).
Excludingunidentifiedfatalities,passerineswerethemostcommonorder(78%),woodwar-
blers(Parulidae)werethemostcommonfamily (28%;Table2),andred-eyedvireos(Vireo oli-
vaceus) werethemostcommonspecies(18%;Table3).Forty-ninepercentof bird fatalities
werelowercanopy,foliage-gleaninginsectivores.Fourspeciesof hawks,two vultures,two
owls,andonefalconwerereportedtotaling96fatalities(5%).Onebaldeagle(Halieetus leuco-
cephalus) wasreported.Twouplandgamebirds,wild turkey(Meleagris gallopavo) andruffed
grouse(Bonasa umbellus), werereportedtotaling75fatalities(4%).Of the128species,123
wereprotectedundertheMigratory Bird TreatyAct [62] and103wereprotectedunderthe
NeotropicalMigratory Bird ConservationAct [63]. Migrantsaccountedfor 59%of fatalities,
partialmigrantsaccountedfor 34%,andresidentsaccountedfor 8%.

Forty-ninepercentof all bird fatalitieswerecomposedof justeightspecies:red-eyedvireo,
golden-crownedkinglet(Regulus satrapa), magnoliawarbler(Setophaga magnolia), black-
throatedbluewarbler(Setophaga caerulescens), ruffedgrouse,yellow-rumpedwarbler(Seto-
phaga coronata), commonyellowthroat(Geothlypis trichas), andturkeyvulture(Cathartes
aura) (Table3).Overhalfof all specieswerereportedlessthanfivetimes.Only threespecies
werereportedatmorethan50%of facilities(red-eyedvireo,golden-crownedkinglet,magno-
lia warbler)andonly 19specieswerereportedat25%or moreof facilities.Themostwide-
spreadspecieswasred-eyedvireo,reportedat89%of facilities.Byproportion to eachspecies'
totalUSpopulation,black-throatedbluewarblersweremostheavilyimpactedwith 25fatalities
peronemillion individuals.Theywerefollowedbysharp-shinnedhawks(Accipiter striatus;

Table 2. Five most frequent families of bird mortality at wind turbines in the Northeastern US.

Family Common Name Number of Fatalities % of Total Fatalities % Population Change 1970–2017a % of Species in Declinea

Parulidae NewWorld Warblers 576 28.25% -37.60% 64%

Vireonidae Vireos 440 21.58% 53.60% 17%

Regulidae Kinglets 145 7.11% -7.10% 50%

Phasianidae GrouseandAllies 75 3.68% 24.30% 33%

Turdidae Thrushes 74 3.63% -10.10% 55%

aRosenbergetal.[64]

https://doi.org/10.1371/journal.pone.0238034.t002

Table 3. Eight most frequent species of bird mortality at wind turbines in the Northeastern US.

Species Number of Fatalities % of Total Mortality Total Populationa Population Change 1970–2017a

Red-eyedVireo 376 21.72% 130million +43%

Golden-crownedKinglet 122 7.05% 130million -25%

MagnoliaWarbler 99 5.72% 39million +51%

Black-throatedBlueWarbler 59 3.41% 2.4million +163%

RuffedGrouse 55 3.18% 18million +31%

Yellow-rumped Warbler 51 2.95% 150million 0%

CommonYellowthroat 49 2.83% 81million -34%

TurkeyVulture 40 2.31% 6.7million +186%

aRosenbergetal.[64]

https://doi.org/10.1371/journal.pone.0238034.t003
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23/1,000,000)andblack-billedcuckoos(Coccyzus erthropthalmus; 21/1,000,000).In contrast,
only threered-eyedvireosperonemillion individualswerereportedasfatalities.

Twenty-twowind facilitiesreported418batfatalities,sevenof whichwereunidentified.
Fivespecieswereidentifiedandthreespeciesof migratorytreebats,hoary(Lasiurus cinereus),
silver-haired(Lasionycteris noctivagans), andeasternred(Lasiurus borealis), accountedfor over
90%of batfatalities(Table4).Thesethreewerereportedatmorethan60%of facilitiesthat
reportedbatmortality,whiletheremainingtwo bats,bigbrown(Eptesicus fuscus) andlittle
brown(Myotis lucifugus), werereportedat lessthan25%of facilitiesthat reportedbatmortality.

Monthly mortality for birdsappearedhighestin Septemberwith asecondarypeakin May,
whilemonthlymortality for batshadasinglepeakin August(Fig2).Monthly mortality alsovaried
for someorders,migrationtypes,andspecies(Fig2).Threemultiplemortality eventswith more
than20fatalitiesin asinglenight werereported.Reportsindicatedthat thelargestevent(80fatali-
ties)wasassociatedwith heavyfog.No batswerereportedduring anymultiplemortality event.

Spatial patterns

Our secondarydatasetof bird andbatfatalitieswith observedfall distanceincluded1,999rec-
ords(birds= 984,bats= 1,015).Weremovedfrom our analysesninebird fatalityrecordswith
fall distancesgreaterthan100m, and136bird fatalityrecordsand9 batfatalityrecordslacking
speciesclassification.Forour constructionof thebirds-onlymodels,weremoved16records
associatedwith non-migratoryspecies.Additionally,wewereunableto find supplementary
information on migration timing in Birdsof theWorld [65] for four bird species(eachrepre-
sentingonerecord):leastflycatcher(Empidonax minimus), purplefinch (Haemorhous purpur-
eus), redhead(Aythya americana), andring-billed gull (Larus delawarensis).

Our globalmodelsshowedarangeof performancein termsof fit (Table5).Thebirds-only
globalmodel'spredictorvariablesaccountedfor 31%of thevariationin fall distanceandthe
bats-onlyglobalmodel'spredictorsexplainedonly 3%.In eachof our globalmodels,theran-
domeffectof facility ID accountedfor asubstantialproportion of thevariationexplained,as
evidencedby thedisparitybetweenconditionalandmarginalpseudoR2 values.Amongthe
all-taxa(S1Table),birds-only(S2Table),andbats-onlycandidatemodels,wefoundsupport
for six,four, andthreemodels,respectively(Tables6±8).

Modelaveragingrevealedvaryingsupportfor theinfluenceof turbinedimensionsandani-
malcharacteristicson fall distance(Table9).Turbinehubheight,whichweremovedfrom the
bats-onlymodelfor collinearity,did not proveinfluential in eitherall-taxaor birds-onlymodel
averages.However,wheninteractingwith rotor diameterin theall-taxadataset,hubheight
did appearto influencefall distance;asrotor diameterandturbinehubheightincreased,so
did fall distance.Without interaction,rotor diameteralsoincreasedfall distanceof birds-only
andall-taxa.Themagnitudeandconfidenceintervalsof thesecoefficientsindicatedgreater

Table 4. Species of bat mortality at wind turbines in the Northeastern US.

Species Fatalities

BigBrownBat 21

EasternRedBat 87

HoaryBat 188

Little BrownBat 16

Silver-haired Bat 99

Unidentified Bat 7

Grand Total 418

https://doi.org/10.1371/journal.pone.0238034.t004
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Fig 2. Fatalities per month for birds and bats, Accipitriformes (hawks and eagles) and Galliformes (ruffed grouse

and wild turkey), golden-crowned kinglets and black-throated blue warblers, and silver-haired bats and eastern

red bats. Formonthly fatalityhistogramsof the10mostfrequentfamilies,seeS1±S10Figs.

https://doi.org/10.1371/journal.pone.0238034.g002
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strengthin theserelationshipsin thebirds-onlymodelversustheall-taxamodel.Wealso
foundstrongsupportwithin thebirds-onlymodel-averagedcoefficientsfor theinfluenceof
migrationdistanceon fall distance.Short-distancemigrants,thosethat traveledno morethan
15degreesin latitude[39], tendedto fall fartherfrom turbinesfollowingcollisionthanlong-
distancemigrants.Additionally,within theall-taxamodel-averagedcoefficients,wefound that
animaltype(i.e.,bird/bat) predictedfall distance,with birdsassociatedwith greaterdistances.

Speciesmassprovedto betheonepredictorvariableinfluencingfall distanceacrossall
threesetsof model-averagedcoefficients.Wefound that fall distanceincreasedwith species
bodymassfor birds-only,bats-only,andall-taxa.Thisresultwasmostevidentin birds-only
andleastevidentin all-taxa.However,thebats-onlyandall-taxamasscoefficientsfeaturedrel-
ativelynarrowconfidencebandscomparedto thebirds-onlycoefficient.

Examiningthemodalityof fall distancedistributions,wefoundbird (n = 975;p< 0.001)
andbat(n = 1015;p< 0.001)densitydistributionsweresignificantlymulti-modal.TheSiZer
mapsfor bothdistributionssuggestedtwo peaks(i.e.,bimodality).Forbird fall distance,these
modeswerelocatedat2.37m and30.64m, with anantimode(i.e.,trough)at8.80m (Fig3).
Modesof batfall distanceshowedlessseparationandwerelocatedat17.00m and26.55m,
with theinterveningantimodeat23.25m (Fig3).

Discussion

Taxonomic and temporal patterns

To our knowledge,our datasetrepresentsthelargestsamplesizeof bird mortality in the
NortheasternUS.Generally,thespeciescompositionof our dataconfirm findingsfrom

Table 5. For each global model, variables, random effect variance (RE Var) and standard deviation (RE SD) of the facility ID random effect, number of observa-

tions, number of wind facilities (n groups), dispersion parameter (ϕ), marginal pseudo R2 (R2m), and conditional pseudo R2 (R2c).

Model Variablesa RE Var RE SD n obs n groups ϕ R2m R2c

all-taxa A, D, H, M, D:H 0.02 0.15 1845 14 8.32 0.13 0.44

birds-only D, H, M, MD, MT, D:H 0.03 0.16 819 14 9.12 0.31 0.59

bats-only D, M, D:H 0.05 0.22 1006 9 7.27 0.03 0.52

aAnimal type(A), turbine rotor diameter (D), turbinehubheight(H), mass(M), turbinediameter:height(D:H), migrationdistance(MD), migration timing (MT)

https://doi.org/10.1371/journal.pone.0238034.t005

Table 6. Variables, number of parameters (K), delta Quasi-AIC (ΔQAIC), log-likelihood (LL), and QAIC weights

for all-taxa top model set. Shadedrowsrepresentmodelswith uninformativeparameters.

Variablesa K ΔQAIC LL wi

A, M 4 0.00 -12838.36 0.28

A 3 0.74 -12849.75 0.19

A, D, M 5 1.45 -12836.08 0.13

A, H, M 5 1.99 -12838.33 0.10

A, D 4 2.21 -12847.56 0.09

A, H 4 2.73 -12849.73 0.07

A, D, H, M 6 3.41 -12835.89 0.05

A, D, H 5 4.16 -12847.36 0.03

A, D, H, M, D:H 7 4.81 -12833.42 0.03

A, D, H, D:H 6 5.57 -12844.88 0.02

aAnimal type(A), turbine rotor diameter(D), turbinehubheight(H), mass(M), turbinediameter:height(D:H),

migration distance(MD), migration timing (MT)

https://doi.org/10.1371/journal.pone.0238034.t006
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existingliterature.Previously,thelargestreviewof bird mortality atwind facilitieswasatech-
nicalreportby theAmericanWind Wildlife Institute(AWWI) [34]. ThoughAWWI did not
specificallysummarizedatafor theNortheasternUS,their North (includingsoutheasternCan-
ada)andEast(including easternTexas)regionsincludetheextentof our dataandserveasa
usefulcomparison.

Similarto otherstudies,speciesin our datawereprimarily passerines,andnearlyhalfof all
fatalitiescomprisedasmallnumberof species(n� 8) [17,34].Specieswerealsocomparable
to otherstudies,predominantlyred-eyedvireo,golden-crownedkinglet,andmagnoliawar-
bler.Raptorsmadeup just5%of fatalities,similar to otherreportsin theeasternUS[34], but

Table 8. Variables, number of parameters (K), delta Quasi-AIC (ΔQAIC), log-likelihood (LL), and QAIC weights

(wi) for bats-only top model set. BecauseΔQAIC waslessthansixfor all models,thetop modelsetis thesameasthe
full modelset.Shadedrowsrepresentmodelswith uninformativeparameters.

Variablesa K ΔQAIC LL wi

M 3 0.00 -6300.13 0.44

none 2 1.61 -6313.25 0.20

D, M 4 1.76 -6299.27 0.18

D 3 3.34 -6312.27 0.08

D, M, D:H 5 3.64 -6298.82 0.07

D, D:H 4 5.22 -6311.81 0.03

aAnimal type(A), turbine rotor diameter(D), turbinehubheight(H), mass(M), turbinediameter:height(D:H),

migration distance(MD), migration timing (MT)

https://doi.org/10.1371/journal.pone.0238034.t008

Table 7. Variables, number of parameters (K), delta Quasi-AIC (ΔQAIC), log-likelihood (LL), and QAIC weights

(wi) for birds-only top model set. Shadedrowsrepresentmodelswith uninformativeparameters.

Variablesa K ΔQAIC LL wi

M, MD 4 0.00 -6126.48 0.18

MD 3 0.49 -6137.83 0.14

D, M, MD 5 1.31 -6123.32 0.10

D, MD 4 1.79 -6134.63 0.07

M, MD, MT 5 1.95 -6126.25 0.07

H, M, MD 5 1.96 -6126.30 0.07

MD, MT 4 2.14 -6136.22 0.06

H, MD 4 2.46 -6137.68 0.05

D, M, MD, MT 6 3.26 -6123.09 0.04

D, H, M, MD 6 3.30 -6123.28 0.04

D, MD, MT 5 3.43 -6133.00 0.03

D, H, MD 5 3.77 -6134.55 0.03

H, M, MD, MT 6 3.91 -6126.06 0.03

H, MD, MT 5 4.10 -6136.05 0.02

D, H, M, MD, D:H 7 4.80 -6121.03 0.02

D, H, MD, D:H 6 5.13 -6131.66 0.01

D, H, M, MD, MT 7 5.25 -6123.05 0.01

D, H, MD, MT 6 5.42 -6132.94 0.01

aAnimal type(A), turbine rotor diameter(D), turbinehubheight(H), mass(M), turbinediameter:height(D:H),

migration distance(MD), migration timing (MT)

https://doi.org/10.1371/journal.pone.0238034.t007
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lowerthanraptormortality alongthewestcoastof theUS[34,66].Our recordsincludedone
baldeaglefatality,aspeciesthathasnot beenreportedin theNortheasternUSin otherreviews
[19,34].

Table 9. Model-averaging results for all-taxa, birds-only, and bats-only top model sets. Includedarestandardizedcoefficientestimates(Estimate),unconditionalstan-
darderrors(SE),and95%confidenceintervals(CI) for eachmodelset.Shadedrowsrepresentvariableswith confidenceintervalscrossingzero.

Model Variablesc Estimate SE CI

Lower Upper

All-Taxa (Intercept) 3.12 0.06 3.00 3.25

Aa 0.15 0.01 0.13 0.18

M 0.04 0.01 0.02 0.06

D 0.19 0.08 0.03 0.36

H -0.04 0.04 -0.11 0.03

D:H 0.23 0.09 0.04 0.41

Birds-Only (Intercept) 3.23 0.06 3.10 3.35

M 0.24 0.05 0.14 0.34

MDb 0.21 0.02 0.17 0.25

D 0.30 0.11 0.09 0.51

Bats-Only (Intercept) 3.05 0.09 2.86 3.23

M 0.07 0.01 0.04 0.09

D -0.12 0.08 -0.29 0.05

aReferencecategorybird
bReferencecategoryshort-distancemigrant
cAnimal type(A), turbine rotor diameter (D), turbinehubheight(H), mass(M), turbinediameter:height(D:H), migrationdistance(MD)

https://doi.org/10.1371/journal.pone.0238034.t009

Fig 3. Density distributions for the fall distance of birds and bats at wind turbines in the Northeastern US. For
densitydistributionsof the10mostfrequentfamilies,seeS11±S20Figs.

https://doi.org/10.1371/journal.pone.0238034.g003
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Relativeto populationsize,black-throatedbluewarbler,sharp-shinnedhawk,andblack-
billedcuckooexperiencedthehighestlevelsof mortality.At 25or lessfatalitiespermillion
individuals,eventhesearelikely too low to significantlyimpactpopulationtrajectories,but
thiseffectmayintensifyasthenumberof wind facilitiesincreases.Newworld warblers,the
mostcommonfamily in our data,havedeclinedby38%overthepast50years(Table2),but of
thespeciesfrequentlyobservedin our dataset,mostpopulationsareeitherstableor increasing
(Table3).Thoughwemakethesepopulationcomparisonsusingrawcounts,in actuality,not
all carcasseswererecoveredduring carcasssearchers.Detectionprobabilityisvariable[31] but
is typicallyhigherthan0.25andoftenhigherthan0.50for birds[40±42,67],suggestingthat
populationlevelimpactsremainlow.

Patternsof batmortality in our dataaregenerallyconsistentwith thoseobservedin previ-
ousstudies.Threemigratorytreebats(hoarybat,silver-hairedbat,andeasternredbat)were
somewhatmorecommon(90%of all batfatalitiesin our data)thanreportedelsewhere[22,
68],but our datarepresentaslightlydifferentgeographicextent.Additionally,our samplesize
issmall,asrelativelyfewfacilitiesreporteddatafor bats.Otherbatspecieshavebeenreported
in theNortheasternUS,but makeup alow proportion of total fatalities[22]. Weareunableto
interpret thepopulation-levelimpactsof our reportedmortality becauseof thegenerallackof
publishedbatdemographicdata[24], thoughpreviousresearchhasidentifiedwind energy
mortality asamajorpotentialdriver of populationdeclinesin somespecies[23]. To under-
standtheconservationimplicationsof batmortality atwind facilitiesfully, abroadeffortmust
bemadeto expandandimproveknowledgeof batspecies'populationsizesandtrends.

Forbothbirdsandbats,our datashowedexpectedpatternsof magnitudeandannualtim-
ing of mortality.Thepeaksin bird mortality in SeptemberandMayaregenerallyconsistent
with otherstudies[17,34],andpresumablycorrespondto fall andspringmigrationactivity
[69]. Similarly,thesinglepeakin batmortality in Augusthasbeenpreviouslynoted[22] and
correspondsto migration timing of treebats[70]. A globalreviewreportedthatwind turbines
causemultiple mortality eventsfor bats(greaterthan10batsatagivenlocalitywithin afew
days[71]), but our dataincludednone.Thismaybedueto limited samplesize,geographicdif-
ferences,or biasedreporting.

Spatial patterns

Our analysissuggestingthat fall distanceincreaseswith bird bodymassrepresentsasignificant
improvementon previousstudies.To our knowledge,oursis thefirst attemptto analyzethe
relationshipbetweenbatbodymassandfall distance.Thoughweacknowledgethatour gener-
alizedbodymassvaluesarecrudeestimatesfor theactualmassof individual carcasses,our use
of acontinuousmeasureinsteadof asubjectivecategoricalclassification(e.g.,large/smallcar-
casses[27]) createsgreatercertaintythatmasspositivelyinfluencesfall distance,andopensthe
possibilityfor easiercomparisonwith futurestudies.To theextentthatour findingson mass
canbecomparedto paststudies,theyappearto corroboratesimilar findingsfrom models[27].
Moreover,whileAWWI's [34] distancedistributionsdid not appearto differ betweenlarge
andsmallbirds,thismayhavebeentheresultof overlybroadsizebins.A practicalimplication
of thesefindingsis thatpost-constructionmortality studiesconcernedwith large-bodiedbirds
(e.g.,raptors)shouldconsiderimplementingwidersearchradii [27] or adjustingtheir weight-
ing of areasearchedduring analysisto reflecttheincreasedpotentialof discoveringlargerspe-
ciesfartherfrom turbines.Properunderstandingof therelationshipbetweenspeciesmassand
fall distancecannot only servegeneralunderstandingof wind turbinecollisions,but also
guidewind industryeffortstowardscompliancewith governmentprotectionof particularspe-
cies(e.g.,eaglespeciesin theUS).
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Thepositiveassociationwefoundbetweenbird fall distanceandturbine rotor diameter
andtheadditionalfinding that fall distancefor birdsandtheall-taxagroupincreasedwith the
interactionof increasingrotor diameterandhubheightvalidateprior modelsandexperiments
suggestingthat turbineheightandbladelengtharepositivelyrelatedto fall distance[27,33].
Giventhisgeneralassociation,asthewind industrytransitionsto largerandmoreefficienttur-
binemodels,theremaybeneedfor widersearchradii in post-constructionmortality monitor-
ing,or, alternatively,recalculationof typicalfall distancedistributionsusedto inform search
efforts.Paststudieshavereportedthatbatmortality increaseswith hubheight[72] but have
beeninconclusiveconcerningbird mortality,showingnegative[16,73],neutral[72], andposi-
tive [5] relationshipsbetweenmortality andturbineheight.Thoughcollisionmortality rates
andfall distancesarenot necessarilydirectlyrelated,increasesin mortality ratesat largertur-
binesmaybeharderto detectif carcassesarefalling fartherfrom theturbinesasaresultof
increasedturbinesize.

Exploringfacility-specificfactorsisalsoclearlycritical to understandingratesandpatterns
of turbinecollisions.In our models,therandomeffectof facility ID accountedfor substantially
morevariationin fall distancethanspeciesor turbine traits.Becausetopography[74,75],
weather[76,77]),andhabitat[78,79] influencebird flight, particularlyduring migration,we
hypothesizethatsuchlocalfactorsmayaffecthowfar birdsandbatsfall from theturbineswith
whichtheycollide.Further,similar to collisionrates,weexpectpatternsin fall distancemaybe
drivenby theinteractionof species-specificfactors(e.g.,sensorialperception,behavior,etc.)
andwind facility characteristics[18]. Forexample,spatialpatternsmaybedifferentatwind
facilitieswith turbinesarrangedin aline (e.g.,alongamountainridge)thanat thosewith tur-
binesmoreevenlyspacedin agroup(e.g.,in agriculturalfields).Thesefacility-specificdrivers
maybeafruitful areafor future research.A secondpossibleexplanationis facility-to-facility
variationin surveytechniqueandreportingculture,which,again,maybeworthyof additional
research.Variationbetweenindividual turbineswithin awind facility mayalsoaffectspatial
patternsof fall distance.Forafewwind facilitiesthatcontainedturbinesof differentsizes,we
usedonly themostcommonturbinedimensionsin our analysis,andthismayhavecontrib-
utedto thevariationaccountedfor by therandomeffectof facility ID. Despitethisvariation,
managerscanstill expectfindingssuchasthepositiverelationshipbetweenturbinesizeand
fall distanceto begenerallytrueatspecificfacilities.

In all our final models,therewasanotableproportion of variationin fall distanceleft unex-
plained.In thecaseof bats,weattributethisobservationat leastpartly to thechaoticdynamics
of fallingcarcasses[80]. However,wealsospeculatethatasizeableportion of thisvariationis
theresultof temporaryandevent-specificfactorssuchaswind velocityanddirection,direc-
tion of thebladesweep(i.e.upswingor downswing),bladevelocity,andbird or batflight
velocity.

Differences between birds and bats

Examiningbirdsandbatsseparatelycanimproveunderstandingof patternsin fall distances.
Asshown,birdstendto landfartherfrom turbinesthanbats.Thisobservationcouldtheoreti-
callybeattributableto birdshavingamuchhigherrangeof masses,anotherinfluential variable
in our models.However,in our all-taxaglobalmodel,wefound thatanimaltypeandbody
masshadalow correlation(R= -0.09),which indicatestheroleof taxon-specificfactors
beyondsize.Likewise,themultimodaldistributionsof fall distancesfor birdsandbatsarguein
favorof differentmechanisms.Thoughbothdistributionsin our studyweresignificantly
multi-modal,thelocationandintensityof their peaksdifferednotably.Batsdisplayedtwo
peaks,eithersideof 20m, thatwerecomparablein densityandlikely not biologically
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significant.In contrast,birdsexhibitedaprimary peaknear30m andalesserpeakaround2.5
m. Similarsecondarypeaksin bird carcassesneartheturbinebasehavebeensparselyreported
in otherstudies,but not rigorouslyanalyzedor discussed[27,34,81].

Wesuggestthisdiscrepancyin distancedistribution betweenbirdsandbatsisdueto birds
collidingwith turbinespoles,in addition to theturbinesblades.It iswellestablishedthatbirds
collidewith stationarystructures[82±84]andbird carcasseshavebeenfoundbeneathnon-
operationalwind turbines[28,85].However,batshaverarelybeenfoundundertowersand
otherstructures[86,87]andhavenot beenfoundundernon-operationalturbines[68,85].
Severalinvestigationshaveshownthatneitherbirds[18,88,89]nor bats[90,91]areableto
avoidswift-movingturbinebladesby reactingto their presenceatcloserange.Thus,in the
absenceof non-bladecausedmortality,asimilardistancedistribution wouldbeexpectedfor
bothbirdsandbatsatactivewind turbines.Nonetheless,wefound that10%of all bird car-
casseswerelocatedjust2m awayfrom theturbinebase.Thoughmostfatalitieshavebeenpre-
sumedto occuruponcollisionwith movingturbineblades[29,92],birds,especiallynocturnal
migrants,likely alsostruggleto detectthepresenceof turbinepoles,whereasbatsareassum-
edlyableto avoidstaticturbinepolesusingecholocation.

It isalsolikely thatsomespecies,basedsimplyon life history,primarily collidewith turbine
polesandrarelycollidewith bladesthemselves[6, 20,93].Carcassesof low-flying uplandgame
birds,whichareunlikely to everfly into therotor zone,havebeenroutinely foundduring car-
casssearches[34,94±97]andStokkeetal.[98] foundsubstantialevidencethatwillow ptarmi-
gan(Lagopus lagopus) frequentlycollidewith turbinepolesin Norway.Further,thedistance
distribution for willow ptarmiganmirrored ours,showingahighpeakdirectlynextto thetur-
binepole(Fig3) [98]. However,thoughour datasetincluded75ruffedgrouseandwild turkey,
uplandgamebirdsrepresentedonly aminority of thenear-turbinecarcasses.

Smallmigratorysongbirdscomprisedthemajority of carcasseswithin 2m of turbinepolls,
andmaycollidewith polesat relativelyhighnumbers.Thishasnot beenpreviouslydiscussed,
despitethisgroupof birdsbeingcommonlyreportedcollidingwith otherstationarystructures,
suchasbuildings[84] andcommunicationtowers[82,83].Our datasuggestedthephenome-
non of turbinepolecollisionswasvariableamongtaxonomicfamiliesof smallmigratorysong-
birds.Forexample,vireosshowapronouncedpeakin fall distancenearturbines,newworld
sparrowsandnewworld warblersonly minor peaks,andkingletsandthrushesnoneatall
(S12±S16Figs).Becausecarcassesfartherfrom turbinesarelesslikely to bedetected[30], this
couldleadto inaccuratemortality estimatesof differentbird groups.For instance,vireos,
whichshowedastronglyright-skeweddistancedistribution,couldbeoverestimatedif thisdis-
tribution wasnot incorporatedinto mortality estimates.Wecannotpresentlyexplainthese
discrepancies,but think thismatterisworthyof further investigation.

Theconceptof turbinepolecollisionsisnot novel,asbird collisionswith othertall struc-
tures(e.g.,communicationtowers,buildings)areverycommon[2]. However,apartfrom brief
discussionof collisionsbyuplandgamebirds[6], polecollisionsacrossaviantaxahavereceived
veryminor attentionbyeitherresearchersor governingagencies.Instead,animplicit assump-
tion in studiesexaminingwildlife mortality atwind facilitieshasbeenthatmortality of both
bird andbatspeciesisprimarily attributableto collisionwith movingturbineblades[5, 16,17,
27].However,our findingssuggestthatstaticturbinesandtowersalsoposearisk to birdssim-
ply becausetheyaretall structuresthataredifficult for birdsto detectandavoid.Assuch,man-
agersseekingto mitigatebird mortality atwind facilitiesshouldconsidertheapplicationof
mitigation technologiesandexistingbestpracticesfor thesitingof otherverticalstructures
(e.g.,telecommunicationandmeteorologicaltowers).Further,researchandregulations
regardingbird collisionswith turbines,especiallysmallpasserines,maybenefitfrom an
expandedviewof turbinesasbeingverysimilar to othertall structures.
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Inferencefrom our resultsis limited asour datawerebothspatiallyandtemporallyvariable,
spanningnineyearsandmultiple states.Additionally, thedistancedistribution wepresentis
basedon variousmortality surveyprocedures,surveyorexpertise,curtailmentregimes(pur-
posefulreductionin turbineoperationandelectricitygeneration),andturbinemodelsand
sizes.Yearto year,manyindividual wind facilitiesvariedbetweenreportingdatafrom inciden-
tal findingsandmortality surveys,andsomealsovariedtheintensityof mortality surveysand
their curtailmentregimes.Becausefacilitiesvoluntarily reportedbatfatalities,fewerreported
batmortality asthoroughlyor consistentlyasbird mortality.Additionally,becausethisdataset
representsonly 49%of NortheasternUSturbines,theremaybetrendsthatwerenot observed.
Forexample,almostno turbinesalongthecoastof theGreatLakesandMassachusettsare
includedin thisdataset,andtrendsmaybedifferentfor shorebirdsor seabirdsin certaingeo-
graphicareasandareaswith differentweatherpatterns.

Despitetheselimitations,our datarepresentsthelargestandmostcompleteunderstanding
of bird mortality causedbywind facilitiesin theNortheasternUS.Manyof themortality
reportssubmittedto theUSFishandWildlife Servicearenot availableelsewhere.Further,
large-scalestudiesof turbine-relatedmortality arelackingin peer-reviewedliterature,and
large-scalesummarieslike wereportherehavebeencalledfor bywind-wildlife researchers
[99]. Thoughwind facilitiesin our datadid not useastandardsearchradius,all studiesin our
datasetsearchedto at least20m, soweareconfidentthat,ataminimum, thedistancedistribu-
tion for bothbirdsandbatswithin about20m, including thebimodalfinding for birds,isan
accuraterepresentationof thetruedistribution.

Implications

Our analysisof speciescompositionsupportstheconclusionthatcollisionsatwind facilities
do not currentlypresentasignificantthreatto populationsof manybird species.Our analysis
of fall distanceprovidesimportant empiricalevidencethatbird fall distanceincreaseswith
bodymassandthatbothbird andbatfall distanceincreasewith turbinesize.Aswind turbines
increasein size,searchplot radii andestimationsof missedsearchareaswill needto be
adjustedto accountfor ahighernumberof carcassesfartherawayfrom turbines.Because
somebirds,especiallysmallpasserines,maycollideregularlywith turbinepoles,it ispossible
thatsomespecies-specificestimatesof mortality maybeoverestimated.Finally,aswind energy
expandsglobally,weproposethatpolicy-makers,managers,andresearcherswill benefitfrom
not only recognizingthecollisionrisk of movingturbineblades,but alsoin viewingwind tur-
binesaspresentingathreatsimilar to othertall structures.

Supporting information
S1 Appendix. Bird species and total fatalities from 44 wind facilities in the Northeastern

US. Datafrom reportssubmittedto theUSFishandWildlife Serviceviaeitheraspecialpur-
poseutility or scientificcollectingpermit between2008and2017.
(DOCX)

S1 Fig. Monthly timing of fatalities of new world warblers (Parulidae) at wind turbines.

Datafrom reportssubmittedto theUSFishandWildlife Serviceby44wind facilitiesin the
NortheasternUS.Samplesizegivenin parentheses.
(PNG)

S2 Fig. Monthly timing of fatalities of vireos (Vireonidae) at wind turbines. Datafrom
reportssubmittedto theUSFishandWildlife Serviceby44wind facilitiesin theNortheastern
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US.Samplesizegivenin parentheses.
(PNG)

S3 Fig. Monthly timing of fatalities of kinglets (Regulidae) at wind turbines. Datafrom
reportssubmittedto theUSFishandWildlife Serviceby44wind facilitiesin theNortheastern
US.Samplesizegivenin parentheses.
(PNG)

S4 Fig. Monthly timing of fatalities of grouse and allies (Phasianidae) at wind turbines.

Datafrom reportssubmittedto theUSFishandWildlife Serviceby44wind facilitiesin the
NortheasternUS.Samplesizegivenin parentheses.
(PNG)

S5 Fig. Monthly timing of fatalities of new world sparrows (Passerellidae) at wind turbines.

Datafrom reportssubmittedto theUSFishandWildlife Serviceby44wind facilitiesin the
NortheasternUS.Samplesizegivenin parentheses.
(PNG)

S6 Fig. Monthly timing of fatalities of thrushes (Turdidae) at wind turbines. Datafrom
reportssubmittedto theUSFishandWildlife Serviceby44wind facilitiesin theNortheastern
US.Samplesizegivenin parentheses.
(PNG)

S7 Fig. Monthly timing of fatalities of hawks and eagles (Accipitridae) at wind turbines.

Datafrom reportssubmittedto theUSFishandWildlife Serviceby44wind facilitiesin the
NortheasternUS.Samplesizegivenin parentheses.
(PNG)

S8 Fig. Monthly timing of fatalities of new world vultures (Cathartidae) at wind turbines.

Datafrom reportssubmittedto theUSFishandWildlife Serviceby44wind facilitiesin the
NortheasternUS.Samplesizegivenin parentheses.
(PNG)

S9 Fig. Monthly timing of fatalities of cuckoos (Cuculidae) at wind turbines. Datafrom
reportssubmittedto theUSFishandWildlife Serviceby44wind facilitiesin theNortheastern
US.Samplesizegivenin parentheses.
(PNG)

S10 Fig. Monthly timing of fatalities of flycatchers (Tyrannidae) at wind turbines. Data
from reportssubmittedto theUSFishandWildlife Serviceby44wind facilitiesin theNorth-
easternUS.Samplesizegivenin parentheses.
(PNG)

S11 Fig. Density plot of distance from turbine of fatalities of new world warblers (Paruli-

dae) at wind turbines. Datafrom publiclyavailablereportsandfrom reportssubmittedto the
USFishandWildlife Serviceby44wind facilitiesin theNortheasternUS.Samplesizegivenin
parentheses.
(TIFF)

S12 Fig. Density plot of distance from turbine of fatalities of vireos (Vireonidae) at wind

turbines. Datafrom publiclyavailablereportsandfrom reportssubmittedto theUSFishand
Wildlife Serviceby44wind facilitiesin theNortheasternUS.Samplesizegivenin parentheses.
(TIFF)
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S13 Fig. Density plot of distance from turbine of fatalities of kinglets (Regulidae) at wind

turbines. Datafrom publiclyavailablereportsandfrom reportssubmittedto theUSFishand
Wildlife Serviceby44wind facilitiesin theNortheasternUS.Samplesizegivenin parentheses.
(TIFF)

S14 Fig. Density plot of distance from turbine of fatalities of thrushes (Turdidae) at wind

turbines. Datafrom publiclyavailablereportsandfrom reportssubmittedto theUSFishand
Wildlife Serviceby44wind facilitiesin theNortheasternUS.Samplesizegivenin parentheses.
(TIFF)

S15 Fig. Density plot of distance from turbine of fatalities of new world sparrows (Passer-

ellidae) at wind turbines. Datafrom publiclyavailablereportsandfrom reportssubmittedto
theUSFishandWildlife Serviceby44wind facilitiesin theNortheasternUS.Samplesize
givenin parentheses.
(TIFF)

S16 Fig. Density plot of distance from turbine of fatalities of hawks and eagles (Accipitri-

dae) at wind turbines. Datafrom publiclyavailablereportsandfrom reportssubmittedto the
USFishandWildlife Serviceby44wind facilitiesin theNortheasternUS.Samplesizegivenin
parentheses.
(TIFF)

S17 Fig. Density plot of distance from turbine of fatalities of new world vultures (Catharti-

dae) at wind turbines. Datafrom publiclyavailablereportsandfrom reportssubmittedto the
USFishandWildlife Serviceby44wind facilitiesin theNortheasternUS.Samplesizegivenin
parentheses.
(TIFF)

S18 Fig. Density plot of distance from turbine of fatalities of cuckoos (Cuculidae) at wind

turbines. Datafrom publiclyavailablereportsandfrom reportssubmittedto theUSFishand
Wildlife Serviceby44wind facilitiesin theNortheasternUS.Samplesizegivenin parentheses.
(TIFF)

S19 Fig. Density plot of distance from turbine of fatalities of grouse and allies (Phasiani-

dae) at wind turbines. Datafrom publiclyavailablereportsandfrom reportssubmittedto the
USFishandWildlife Serviceby44wind facilitiesin theNortheasternUS.Samplesizegivenin
parentheses.
(TIFF)

S20 Fig. Density plot of distance from turbine of fatalities of flycatchers (Tyrannidae) at

wind turbines. Datafrom publiclyavailablereportsandfrom reportssubmittedto theUSFish
andWildlife Serviceby44wind facilitiesin theNortheasternUS.Samplesizegivenin paren-
theses.
(TIFF)

S1 Dataset. Data used in modeling fall distance of bird and bat mortality.

(CSV)

S2 Dataset. Data used for taxonomic composition and temporal patterns.

(XLSX)

S1 Table. Variables, number of parameters, delta Quasi-AIC (ΔQAIC), QAIC weights (wi),

and log-likelihood (LL) for all-taxa full model set.

(DOCX)
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