


Introduction

Largecarnivores,suchasgraywolves,Canis lupus, aredifficult to protectin mixed-useland-
scapesbecausesomepeopleperceivethemasdangerousandbecausetheysometimesthreaten
humanpropertyandsafety.Traditionally,governmentskill wild animalsin aneffort to pre-
ventthreatsto propertyandsafety[1]. However,arecentsummaryof peer-reviewedstudies
thatemployedexperimentalor quasi-experimentaltestsof interventionsagainstcarnivore
attackson domesticanimalsin farmsraiseddoubtsaboutthefunctionaleffectivenessof lethal
methods[2]. Namely,mosttestsof lethalmethodsshowedno effector counter-productive
effects(higherlivestocklossesafterintervention),andnumeroustestscontainedbiasesor
flawsthatprecludereliableinference[2]. Two testsusingquasi-experimentaldesignsshowed
minimal, regionaleffectof variouslethalmethods[3] andastrong,localeffectof government
trappingandaerialshooting[4], respectively.Butnoneprovidedthehigheststandardof evi-
dence[2], whicharerandom-assignmentexperimentaltestsof aninterventionwithout biasin
samplingtreatment,measurement,or reporting[5, 6]. Higherstandardsof evidencewere
appliedto testsof non-lethalmethodsgenerally,andtwo suchtestsappliedthehigheststan-
dardsthatalsoprovedeffectivein preventingpredationeventson domesticanimals(depreda-
tion). Thetwo methodswerefladry(avisualdeterrenteffectiveagainstwolvesonly, thusfar)
andlivestock-guardingdogs[7, 8]. A recentcontroversyoverkilling wolvesin theNorthern
RockyMountains(NRM) illustratesthedifficulty of forming scientificconsensuson theeffec-
tivenessof lethalmethodsfor preventingdepredationswhenstandardsof evidencearenot
consistent.

Two teams[4, 9] cameto oppositeconclusionswhenanalyzingverysimilardatafrom the
sameregionandsimilarperiodfor theNorthern RockyMountain wolf population.A deeper
look suggeststhat inferencesdrawnfrom thesequasi-experimentaltestsareweakenedby
uncontrolledvariables(Box1).

Box 1

Onetestincludedonly wolf-killing byaerialgunningandseveralground-basedmethods
from 1989±2008[4], whereastheotherincludedall permittedwolf-killing, including
publichunting,from 1987±2012[9]. Thelatterof thesetwo analysesfound thatkilling
morewolveswasfollowedbymorelivestocklossesthefollowingyear,usinganegative
binomial regressionmodelcontrolling for multiple variables[9]. However,that testdid
not accountadequatelyfor thetime seriesunderlyingseveralvariablesthat increased
overtime.Forexample,overtime thewolf populationincreasedin sizeandalsospread
geographically,therebyexposingmorefarm animalsto depredations.Becausethe
amountof wolf-killing increasedovertime as(a) recolonizingwolvesleft theprotection
of anationalparkandwild areas,and(b) policychangesintroducedwolf-hunting in
addition to killing bygovernmentagents[4, 10,11],weshouldexpectthepredictors
(wolf-killing, livestockexposed,andwolf distribution) to riseovertime in parallelwith
theobservedrisein domesticanimallossesovertime,whichwouldmakeastatistically
significantassociationspuriousif thetime trendwerenot accountedfor properly.
Anotherteamconductedthesameanalysiswith thesamedatawhileaccountingfor time
seriestrendsandstatisticalmisspecifications,andresultssuggestkilling wolvesinstead
ledto anincreasein attackson cattlein thesameyearandfewerattacksthefollowing
year,relativeto no killing [12]. However,thisanalysisseemsto haveeliminatedthepos-
sibility of anunderlyingeffectof wolf populationsizeanddid not considerthe
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Wetestedthehypothesisthat two treatments(lethalandnon-lethalintervention)following
verifieddepredationshaddifferenteffectson therisk of arecurrence(occurrenceof asubse-
quentdepredation)at thatsiteandatneighboringsitesat two largergeographicscales.We
testedthathypothesisbecausethecommonjustificationfor lethalinterventionsworldwideis
thateliminatingproblemindividuals,or regionalpredatorreductions,will delayor curtail
future lossesimmediately,andfor at leastoneyearuntil wolvesarereplaced[15]. Weretro-
spectivelyexamineddatacollectedbystateandfederalagentsin thestateof Michigan,USA,
from 1998±2014,usingmethodssimilar to [4], with two maindifferences.Thefirst difference
wasthatweexaminedspatialscalesbeyondthesiteof theintervention,sowecoulddetect
spill-overeffectsup to aradiusof 16.25km from thesiteof theintervention(neighborhood
of townshipscale;seeMethodssectionbelow).Theseconddifferencewasthatweincluded2
distinct interventions:lethalandnon-lethalinterventions(pseudo-control,seebelow).Our
analysiswasretrospectiveandtreatmentshadnot beenassignedrandomly,thusthehighest
standardonemight achievewouldbeasilver-standardexperiment[2]. With dataon thehis-
tory andlocationsof eventsandinterventions,wewereableto drawstrongerinferencethana
simplecomparisonof meansbetweeninterventions.Butquasi-experimentaltestsmight be
confoundedby theeffectof time passing(before-and-after)ascarnivores,livestock,andpeople
respondto changingconditionsandotheraspectsof theenvironmentchangeindependently.

Wehadto considerpotentialbiasin treatment.Fieldagentsapparentlymadesubjective
judgmentsaboutwhereto implementlethalinterventionwhenthatwaspermittedby thefed-
eralgovernment(Table1& [16]). Therefore,wehadto contendwith apseudo-controlasfol-
lows:At times,thestateagencyoptednot to kill wolvesor optedto offer farmersnon-lethal
deterrents,andthestateadvisedthecomplainanton protectionof livestock.Thelatterinter-
ventioninvolvedcommunicationsandpossibledeploymentof non-lethaldeterrents(see
below)with unknowncharacteristicsor consistency.Wealsoconsideredpotentialmeasure-
menterrors±thatmayhavebeensystematic,not randomerrors±associatedwith unreported
wolf-killing andunreporteddepredations,bothof whichoccurin neighboringWisconsin[2,
14],andarebelievedto occurin Michiganaswell [17,18].

geographicspreadof wolves,anapproachthat remainsto bevalidated[12]. Propersta-
tisticalcontrol for exposure(encountersbetweenwolvesanddomesticanimals)might
requireameasureof geographicspreadof wolves,not justwolf anddomesticanimal
abundancesregionally.Theremedywouldhaverequiredspatialinformation atscales
belowthatof theregion.Theauthorsof theanalysisof wolf-killing between1989±2008
incorporatedspatialinformation,yetdid not extendspatialanalysessufficiently,and
limited their datato atime periodwhenonly governmentwolf-killing waslegally
allowed[4]. Theyfoundareductionin risk of recurrencesubsequentto wolf-killing
within awolf packterritory. Thereductionsappearedsignificantandhigh in magnitude
afteranentirepackwaskilled,andappearedsignificantbut lowerin magnitudewhen
only partof apackwaskilled,comparedwith no removal[4]. Theanalysiswasrestricted
to theaffectedwolf packterritory, despitetheresearchers'ownwork documentinghow
partialremovalof wolvescouldscattersurvivorsbeyondtheir originalpackrange[11,
13].Therefore,theanalysisof risk of recurrenceof depredationsshouldhaveexamined
neighboringareasandevenmoredistantconsequences.Theimportanceof examining
livestocklossbeyondtheedgesof wolf packterritorieshadbeennoted[14]. Weexamine
theanalysisof [4] in greaterdetailin theDiscussion.
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Selectionbias±orthetendencyto applydifferentinterventionsto differentsubjectsor loca-
tionsbasedon someanticipatedoutcome±canpowerfullyaffecttheresultsof experimental
tests[5]. In short,wecontrolledfor spatialvariationbycomparinganinterventionsiteto itself,
but wecouldnot control for theintervenors'subjectivedecisions.In theDiscussion,weiden-
tify anddiscusspotentialsourcesof biasin thedatasetprovidedto us.

Becauseof thecaveatsaboverelatingto thestrengthof inferencewemight drawfrom the
uncontrolled`experiment'conductedby theStateof Michigan,weregardour conclusionsas
preliminaryin thesamewaythatotherrecentpublishedstudiesshouldbeconsidered,pending
gold-standardexperiments[4, 9,12].Thesestudiesoffernewinferencesandtestablehypothe-
sesabouttheeffectof interventions,ratherthanconclusionsaboutthefunctionaleffectiveness
of theinterventionsper se.

Materials and methods

Data sources

TheStateof Michigancontinuouslymonitoredcomplaintsaboutwolvesandannuallymoni-
toredthewolvesthemselves,acrosstheUpperPeninsula(42,610km2). Weusedthefederal
government'spublishedreportsfor Michigan'sminimum, late-winterwolf population
(https://www.fws.gov/midwest/wolf/aboutwolves/mi_wi_nos.htm),supplementedbyMichi-
gandataprovidedto theLittle RiverBandof OttawaIndiansaftertheir requestthroughafed-
eralConsentDecree.Michiganestimatedwolf numbersbysnow-tracksurveys,summer
howling,andaerialtelemetryof VHF radio-collaredwolvesprimarily [19]. Theexceptionwas
wolf-year2012whenMichigandid not censusits wolf population,soweinterpolatedthemid-
point of the2011and2013estimates(Fig1).Our studyspannedwolf-years1998±2015(calen-
dar-years1998±2014);awolf-yeart was15April of yeart-1 to 14April of yeart.

MichiganprovidedWolf Activity Reportswith 379entries.TheU.S.Departmentof Agri-
cultureWildlife Services(USDA)investigatedmanyof theseincidentssince1990understate
contract[20]. Hereafter,wereferto Michiganwhenreferringto governmentresponsesto
wolf-relatedcomplaints,whetherbystateor USDAfield personnel.Wediscarded149entries
thatconsistedof differentcategoriesof wolf encounters:observations,perceivedthreatsto

Table 1. Periods for wolf-killing policy signals in WI and MI, derived from Refsnider [16], ESA sec. 4 10(a)(1)(A) and Humane Society of the U.S.

et al. v. Jewell (U.S. District Court, D.C., 5 1:13-cv-00186-BAH Document 52, 2014).

Period start (mm/dd/yyyy) Period end (mm/dd/yyyy) Federal status Culling**

4/15/1994 3/31/2003 Listed as endangered not allowed

4/1/2003 1/30/2005 Down-listed to threatened allowed

1/31/2005 3/31/2005 Relisted not allowed

4/1/2005 9/13/2005 Sub-permit for culling issued allowed

9/14/2005 4/23/2006 Sub-permit rescinded not allowed

4/24/2006* 7/31/2006 Sub-permit for culling issued allowed

8/1/2006 3/11/2007 Sub-permit rescinded not allowed

3/12/2007 9/28/2008 Delisted allowed

9/29/2008 5/3/2009 Relisted not allowed

5/4/2009 6/30/2009 Delisted allowed

7/1/2009 26/1/2012 Relisted not allowed

1/27/2012 4/14/2012 Delisted allowed

*States identical except sub-permit issuance on 6 May 2006 to Michigan instead of issuance on 24 April 2006 to Wisconsin [16].

**Killing a wolf that posed a threat to human safety was always allowed under ESA sec. 11(a)(3).

https://doi.org/10.1371/journal.pone.0189729.t001
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humansor domesticanimals,or wolf interactionswith houndsengagedin training or hunting,
but whichlackedverifieddepredationson aprivateproperty.Discardingperceivedthreatsto
humansshouldpreventtheintroduction of somebiases,becausetheWolf Activity Report
entriessuggestedthatonecomplainant's̀ threat'wasanother's̀ encounter'thatdid not result
in official complaint,investigationor intervention.Consideringthepotentialbiasingeffectsof
perceivedthreatsthatdid not leadto acomplaint(falsenegatives),perceivedthreatsthatwere
simplyobservations(falsepositives),andacompletelackof anysuchreportsbefore2002,we
felt moresecuresettingasideall entrieslackingdepredationsandensuingverification.Also,
wolf interactionswith houndsoccurunderverydifferentcircumstancesthandepredationsin
our region[21±24].In sum,weretained230complaintsfor screeningasdescribedbelow.

Wescreenedcomplaintsfor verificationandindependencebetweendepredations.During the
studyperiod,Michiganverified499livestockor farmanimalsinjured or killed bywolvesin 230
complaints.Depredationswereclassifiedasindependentif theyoccurredon adifferentdate.

Michiganrespondedin severalwaysto predation:communicationonly,provisionof non-
lethaldeterrents,or lethalintervention.Lethalinterventionconsistedof live-trappingon or near
thecomplainant'spropertyfor severaldaysto weeksafteradepredation,andif successful,the
stateshotoneor morewolvescaughtalivein leg-holdtraps(n = 98wolveskilled overall,with
lethalinterventionsfollowingdepredationsin 37occasions,andresultingin thedeathsof 56
wolvesin 32interventionsand0wolveskilled in 5occasions);in afewcaseslandownersshot
wolvesafterreceivingstatepermits.Weomitted32casesin whichwolveswerekilled but werenot
involvedin depredations;only two of whichoccurredin thesametownships(geopoliticalmap-
pingareaof 36miles2 or 92.16km2) aslethalinterventionduring our study.Wedid not include
thepublichuntingseasonat theendof 2013becausethoseremovalswerenot targetedatknown
complaintsites[25].Non-lethaldeterrencewasusedprimarily whenno lossesoccurredin the
Wolf Activity Reports,somostsuchinterventionswereexcludedbyour screeningcriteriaabove.

Wereferto anyinterventionthatdid not leadto wolvesdyingasnon-lethal,whichimplies
only thatno wolveswerekilled,but relatedactionsmayhaveentailedarangeof communi-
cationswith thecomplainantandotherresponses,including theprovisionof non-lethaldeter-
rentsin somecases.All interventionsincludedcommunicationswith complainantsbut we

Fig 1. Annual Michigan wolf abundance, verified depredations and interventions. Michigan’s annual

wolf abundance (divided by 10 to fit the same y-axis as other variables) and two treatments after verified

depredations. The x-axis shows wolf-years, which span 15 April of year t-1 to 14 April of year t. Overall n = 230

depredations.

https://doi.org/10.1371/journal.pone.0189729.g001
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hadno datato determineif suchcommunicationsdifferedbetweenlethalinterventionand
non-lethal.Non-lethaldeterrentsincludedoneor moreof thefollowing:crackershells,hazing
kits, live-traps,lights,or fencingwith variousmaterials,including fladry(a looseflagginghung
at regularintervalson fence-lines[26]). Wealsoclassifiedlive-trapping(i.e.,attemptedlethal
interventions)that resultedin no wolveskilled (n = 5) as`non-lethal'.Differencesin non-lethal
methodsimplementedatdifferentsitescouldbeattributedto costs,judgmentsbystateagents
abouteffectivenessin agivensituation,willingnessof livestockownersto deploycertaintech-
niques,or otherundocumentedfactors.Becauseof thesmallsampleof occasionswhennon-
lethaldeterrentsweredeployedafterdepredations(n = 18),wepooledall interventionsthat
did not leadto wolf-killing asnon-lethal,dueto insufficientinformation on whetherthedeter-
rentswereactuallyimplementedby thefarmer.

A truecontrol wouldhaveenactedall thesameproceduresandtime spenton thecomplain-
ant'spropertywithout killing wolves,or installinganynon-lethalinfrastructure.Therefore,we
referto our non-lethalinterventionclassificationasapseudo-controlbecauseit mayhave
includeddifferentcommunicationsor ajudgmentbyastateagentthat lethalinterventionwas
not likely to succeed.However,giventhat thefederalpermit for thestateto uselethalcontrol
wasissuedandrescindedseveraltimeswithout regardto eventson theground(Table1),we
infer that thetwo treatmentsweanalyzedwerelargelyselectedbecauseof thebroadergovern-
mentaltimelinesratherthantheeventsataparticularproperty.Independentdecisionsabout
theavailabilityof lethalinterventionwouldreducetherisk of treatmentbias[2]. Regardless,
thisstudyrepresentsasilver-standardexperimentwith possibletreatmentbiasesthatmustbe
consideredpreliminaryandexaminedcarefully(seeDiscussion).

With theprecedingcriteria,our primary sampleof 230depredations(or depredation
events,bywhichwemeanaverified,independentwolf depredationincident in theWolf Activ-
ity Report)consistedof 32depredationsfollowedby lethalintervention,and198followedby
non-lethalintervention.

Analyses

Weusedgeopoliticalsections(regularunitsof 1mile2 or 2.56km2) asthesmallestmapping
units,following[27]. Sectionscanbereadfrom commerciallyavailableroadatlases.Some-
timesmorepreciselocationswerealsoprovided,but inspectionrevealedthatmanyof these
weresimplythelatitudeandlongitudeof thecenterof thesection.Virtually everylivestock
pasturelaywithin thebordersof asinglesection.All livestockpastureswereon privateprop-
ertyof muchlessthan1 sectionin area(averagefarm sizewas0.3miles2 or 0.68km2 in the
UpperPeninsula[28]). Thestatedid not recordownershipof pasturesor thetenurestatusof
complainants.All depredationeventsarepresentedin S1 Data File with certainpersonal
details,propertyinformation,andpreciselocationsredactedfor privacy.

Wedeterminedthesequenceof depredationeventsby referenceto thedateof thecom-
plaint on theWolf Activity Reports.Wecalculatedthedelayto recurrenceastheintervalin
daysto thenexteventin thesamevicinity (2.56km2 sectionor largergeographicunit, see
below).If therewereno subsequenteventsin thevicinity thatcalendaryear,wecensoredthat
observationof delayto recurrenceat31Decemberof thesameyear.Virtually all depredations
occurredin thewarmermonths[20], with mosteventsoccurringin theperiodMarch-October
(90%)andonly 3%occurringin Novemberor December,echoingresultsfrom Edgeetal.[18].
Livestockin theUpperPeninsulaarekeptwithin enclosedpasturesyear-round,usuallyin
smallfarms,andthusequallyavailableto wolvesthroughouttheyear[18,29].Therefore,our
decisionto measureandcensorthedelayto recurrencewithin thecalendaryearprovidedat
least60daysto detectaneffectin 97%of events(recurrenceatsectionscalesoccurredwithin a
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medianof 13daysif it occurredthesameyear).Hadweextendedthetime horizonasin [4],
wesawarisk of conflatingtherecurrenceof depredationeventsby laterwolveswith thetreat-
mentappliedto prior wolves.

Wealsoexaminedif depredationsrecurredat two largerspatialscales.At theintermediate
scaleof townships(36miles2 or 92.16km2), theareausedfor measuringrecurrenceapproxi-
matedhalf thecoreareaof anaveragewolf packterritory [30]. At our largestspatialscale,
theneighborhoodof townships(320miles2 or 829.44km2) wasequivalentto 9 contiguous
townshipscenteredon adepredationeventand>4 timestheaveragecoreareaof awolf pack
territory [30]. Foranalysesof risk of recurrenceat thetownshipandneighborhoodscales,we
replacedthefixedgeopoliticalunit with asquarebufferof thesameareacenteredon each
depredationevent(Fig2).Wedetectedno differencein thesequenceof depredationeventsfor
particularareaswhenusingacircularbuffer,possiblydueto thecoordinatesfor depredation
incidentsobtainedfrom theWolf Activity Reportsfrequentlyplacingtheincident in thecenter
of asection,whichbothbuffershapescontained.Thesquarebufferwaspreferredbasedon its
consistencywith theunderlyingPublicLandSurveySystem(USGS,https://nationalmap.gov/
small_scale/a_plss.html)layercontainingthespatialsubdivisionswebasedour threespatial

Fig 2. Measuring recurrence between depredation events at multiple spatial scales. Each small

rectangle is a section (1 mile2). Each oval is a single event of verified depredation. A 1 indicates the first of

such events in its vicinity and year, and higher numbers are subsequent events in chronological order of

occurrence in the same year. The intervention is shown with colored ovals: lethal (black), non-lethal

intervention (open); and events within the same section are depicted as overlapping each other partially (1 and

2 in A; 1 and 5 or 3 and 4 in B). A: Smallest scale of analysis where the vicinity is limited to the section. Datum 1

stratum 1 measures the number of days between events 1 and 2 with lethal intervention. Because there is no

event 3 within the vicinity, datum 1 stratum 2 measures the number of days between event 2 and the end of the

calendar year but switches to non-lethal intervention (open oval). B: Medium-scale of analysis where rectangles

are sections in a township (36 miles2 centered on event 1). Solid black grid lines indicate buffer around event 1;

dotted gray lines indicate buffer around event 2; black dot-dashed lines indicate overlap between buffers.

Because event 1 and event 2 are not in the same township-sized buffer, they generate datum 1 and datum 2

with lethal intervention and non-lethal intervention, respectively. Datum 1 stratum 1 measures the number of

days between event 1 and event 3. Although event 3 is also within the buffer of event 2 (within black dot-dashed

lines), it was assigned to event 1 because it was nearest by Euclidean distance. We did not measure the

number of days between events 2 and 3 because event 3 was already used to create datum 1 stratum 1; in this

way, we avoided double-counting events. Next, events 3 and 4 are collapsed (treated as a single event)

because they occurred in the same section sequentially. Because event 3 was followed by lethal intervention

(black oval), the resulting single collapsed event was classified as lethal intervention. We then measure datum

1 stratum 2 as the number of days between event 4 and 5, remembering that the collapsed event is classified

as lethal even though 4 is followed by non-lethal intervention (any collapsed set of events with a lethal

intervention event among them is assigned to the lethal intervention set). Finally, datum 1 stratum 3 is

measured by the number of days between event 5 and the end of the calendar year and assigned to non-lethal

intervention. If event 2 had zero other events in its township area (not shown), then datum 2 stratum 1 would be

measured to the end of the calendar year. A similar process was followed for the largest spatial scale of

neighborhood of townships (320 miles2).

https://doi.org/10.1371/journal.pone.0189729.g002
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scaleson.Wemeasureddelayto recurrencein thatbuffer,repeatingtheprocessfor subsequent
depredationeventsusingeachevent'sbuffer(i.e.,amovingwindow).Theprocessof assigning
depredationeventsatscaleslargerthanthesection(Fig2) wasdesignedto avoidpseudo-repli-
cation(oncetheeffectof apair of eventswasmeasuredatalowerscale,thatestimateof delay
to recurrencewasneverusedagainat largerscales).

Theuseof threespatialscalesallowedusto detectdepredationrecurrencebeyondtheorigi-
nalsites(spill-overeffects)following interventions.Our processfor collapsingdepredation
events(Fig2) producedaconservativeassessmentof spill-overeffectsbecauseweeliminated
pseudo-replicationof estimatesof risk of recurrenceacrossscales.Thedisadvantageof our
approachwasdecliningsamplesizesthat reducedthepowerof thetestsat largerscalesand
therebypotentiallyincreasedTypeII error.

Statistical tests

Wemeasureddelayto recurrencein daysbetweeneachpair of successivedepredationevents
asin Figs2 and3,andproducedsurvivalfunctionsfor eachtreatmentfollowingHosmer,
Lemenshow& May[31]. A survivalfunction describestheprobabilityof observingatime
intervalbetweentwo depredationevents,T, greaterthansomestatedvaluet, S(t)= P(T>t),
wheret isdays.Thus,survivalfunctionsprovide,for everytime t, theprobabilityof `surviving'

Fig 3. Transforming depredation records to a survival analysis format. We present lethal interventions

(triangles) and non-lethal interventions (squares) connected by a dashed line that measures the delay to

recurrence or censorship (circles). We illustrate using data from two subsequent years. Subjects are identified as

combinations of vicinity (section, township or neighborhood) and year (i.e.: section s1-2002) on the y-axis. The

first figure for each subject represents when the first depredation event in that year occurred, which is the date

follow-up started for that ‘section-year’. Each subject then follows a chronology of subsequent depredation events

through the year, treated with either intervention. Stratum 1 considers the initial intervention implemented and the

delay to recurrence to the next depredation event, or censoring if no other events occurred (i.e.: first figure to

second figure in dashed line for each subject). Stratum 2 considers the next sequence of depredation events (i.e.:

delay from second figure to third figure). Due to our construction of subjects, a particular section (sections 1, 2, 4

and 6, for example) can appear in multiple years, represented with a different ‘section-year’ combination (for

example, s1-2002 and s1-2003).

https://doi.org/10.1371/journal.pone.0189729.g003
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(in thiscase,not experiencingadepredationevent)up to that time,anddescribetheseproba-
bility distributions(survivaldistributions).Survivalanalysiscomprisesasetof statisticalmeth-
odsusedto quantifyandtestsurvivalfunction differencesbetweentreatmentgroupsof
subjects[32].

At thesmallestspatialscale,wedefinedour subjectsasthesectionsin whichdepredations
occurred.Thus,sectionsareanalogousin biomedicalresearchto thepatientreceivingtreat-
ments.In thiscase,thesectionreceiveslethalor non-lethaltreatmentof wolves.Notethat this
differsfrom prior researchthatdefinedwolf packterritoriesasthesubjects[4].

Subjectsentertheanalysisaftertheinitial depredationevent,andremainin theanalysis
until December31st of thatyear;hence,our subjectsarisefrom aparticularvicinity (i.e.,sec-
tion, townshipor neighborhood)in aparticularcalendar-year(1998to 2014)(Fig3).Depreda-
tion events,alongwith their respectivetreatmentsandmeasuresof recurrencewereorganized
into stratabasedon their orderof occurrencefor eachsubject(Fig2).Eachyearanewsetof
stratawascreated,startingwith stratum1again.Theendof eachcalendaryearrepresenteda
`reset'point afterwhichweassumedindependenceof subjectsbecausebothwolvesandlive-
stockaremostlyremovedfrom eachother'sreachuntil thenextgrazingperiod.Basedon this
classificationof subjectsandstrata,weclusteredour analysison auniqueidentifier reflectinga
particularvicinity-yearcombination,e.g.,ID_TRS_Yr[33]. Thisapproachaccountsfor poten-
tial spatialandtemporalauto-correlationamongstratawithin subjects,e.g.,all depredation
eventsfor thesamesubjectexperiencedduring aparticularyearareassumedcorrelated.It also
avoidspseudo-replicationof observeddepredationeventsfrom thesamesubjectasif they
wereindependentof otherdepredationeventsin thatsameyear,e.g.,ID_TRS_2000'sstratum
1andstratum2 observationsarecorrectlyidentifiedasbelongingto thesamesubject,rather
thanbelongingto two differentsubjects(pseudo-replication). In theDiscussion,weexamine
potentialpseudo-replicationconcernsin our datasetandin prior approaches.

Weemployedgeneralandstratifiedlog-ranktests(Chi-squaredstatistic)to comparethe
survivaldistributionsfor delayto recurrencein both treatments.Wethenusedaconditional
Coxrecurrentevent,gaptime model[31] to comparetheassociationsbetweentreatmentsand
risk of recurrence.TheCoxmodelallowedusto estimatehazardratios(HR) for relativerisk of
recurrencebetweentreatmentsbycharacterizinghowthehazardfunction (H) changedasa
function of survivaltime andsubjectcovariates;S(t)= e-H(t,x,ß), wheret isstudytime (the
periodof observationor follow-upperiodafterinclusionin studyuntil endof thecalendar
year),x isacovariatewedescribebelow,andß is theparameterestimateof x.

Thestratified conditionalCoxmodelaccountsfor risk of recurrencefor theith depreda-
tion eventbeinginfluencedby theoccurrenceof aprevious(i-1)th depredationeventandthe
treatmentfollowing it, sothateachsubjectis includedin therisk set(thenumberof subjects
experiencingadepredationevent)for theith depredationeventonly if it experiencedthe
(i-1)th depredationevent.Forexample,in our section-scaleanalysis,31subjectsexperienceda
first recurrentdepredationevent,whereas120did not experienceanyrecurrence(Stratum1,
TablesB& C in S1File).

ThestratifiedCoxmodelconsidersonly thosesubjectsexperiencingthat first recurrent
depredationeventin thesecondstratum(Stratum2,n = 31;TableA in S1File),repeatingthe
processfor subsequentstratauntil endof thecalendaryear.ThestratifiedCoxmodelallowed
usto estimategeneraltreatmenteffectswhileaccountingfor eventorderandthetreatment
appliedto thepreviousevent.

WeranunivariateandmultivariateconditionalCoxmodelsateachspatialscale.Univariate
modelsincludedonly our responsevariable(delayto recurrence)comparingour two treat-
ments,whereasmultivariatemodelsincorporatedcalendaryear.Including calendaryearwas
essentialbecausethegraywolf wasdown-listedto threatenedin Michiganon April 1,2003,
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andsubsequentlywentthrough12or morereclassificationsandpermit issuancesthatpre-
cludedor allowedwolf-killing by thestate([34], andTable1]) astheprotectionafforded
wolveswasreducedor increased.

Giventhat treatmenteffectscouldchangeovertime aswolves,livestock,people,andecosys-
temsmight changewith environmentalconditions,wealsoranmultivariatemodelsincorpo-
ratingatime-varyingcovariate(tvc) for treatments[31]. Our tvcconsistsof aninteractionof
treatmentwith studytime.Theuseof atvc isstronglyrecommendedfor evaluatingandhan-
dling non-proportionalhazards(PH),givenPH isanunderlyingassumptionof survival
modelling[31]. A non-proportionalhazardoccurswhenthetreatmenteffectchangesover
time (insteadof remainingconstant)relativeto thepseudo-control,sothat thehazardratio for
thetreatmentchangesovertime.Hence,if theparameterestimatefor thetvcwerefound to be
significant,theconditionalCoxmodelwith tvcwouldbemorerobustandreliablethanwith-
out thetvcbecauseit correctedfor non-proportionalhazardsin our treatments.Whenthetvc
isnot significant,its inclusionin themodelisnot warranted.

Authoritieson stratifiedCoxmodelsalsoexpressconcernsaboutstronginferencedepend-
ing on therisk setperstratum[31,35].Thelatterauthorsdid not settleon aparticularnumber
observationspertreatmentperstratum;however,theCoxmodelsdependon ameasureof var-
iability within-stratato detectdeviationsfrom chancedifferencesbetweentreatments,there-
foreweexcludedstratawith<10depredationeventsor whichlackedeventsfor both
treatments.Thisconservativestepleft uswith 3 strataat thesectionscale,1 stratumat the
townshipscale,and2 strataat theneighborhoodscales(S1File).Thus,our final sampleat the
sectionscaleconsistedof 151subjects(independentsection-years)with 199depredation
events,including56recurrentdepredationevents;thefinal sampleat thetownshipscalecon-
sistedof 125subjectswith 125depredationevents,including24recurrentdepredationevents;
andthefinal sampleat theneighborhoodscaleconsistsof 106subjectswith 125depredation
events,including25recurrentdepredationevents(S1File).

Weassessedtherobustnessof modelsto within-subjectcorrelationby running avariantof
arandom-effectsapproachcalledfrailty models([35]; S2File).If high-riskandlow-risk farms
existdueto factorsextrinsicto treatments,years,or thetvc,thensubjectidentity should
inform gaptime models[17,36].Frailtymodelsassessthegoodnessof fit of thetreatmentvari-
ableby including randomeffectsof subjectidentity [35], which isconsideredusefulwhen
recurrencetime might beinfluencedbyunmeasuredfactors[31,37].

Wealsobuilt modelswith subsetsof thedatato evaluatepotentialconfoundingeffectsand
robustnessof theprimary modelsdescribedabove.Webuilt amodelwith data`post-2003',
afterlethalmanagementwasepisodicallypermitted,andby reclassifyinglethalmanagement
with zerowolveskilled as`lethal'becausetheinfrastructureandattendanthumaninfluences
wouldbethesamewhenevertrapswerelaid regardlessif wolveswerelive-trappedandkilled.
Wereferto thelattercondition as`trapsplaced'.Wepresentalternativemodelsin supporting
information (S2±S4Files).

Finally,weusedSpearmanrankcorrelations(rs) to correlatedelayto recurrencewith num-
berof wolveskilled for lethaltreatmentsonly andfor `trapsplaced'.Weconductedall analyses
in Stata14(StataCorp,CollegeStation,TX, 2015;protocolDOI: 10.17504/protocols.io.
j2rcqd6).

Results

Between1998andMay2014therewere199depredationsin Michiganwith asmanymanage-
mentinterventions.Of the199,31resultedin lethalintervention(16%)and168resultedin
non-lethalintervention(84%)(Fig1).
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Section scale

Logrank testscouldnot distinguishthesurvivalfunctionsbetweentreatments(df = 1,general
survivalfunctionstest:χ2 = 0.27,P= 0.604;stratified[by orderof depredationeventsfor sub-
jects]test:χ2 = 0.48,P= 0.488;Table2).All univariate(treatmentonly) andmultivariate(treat-
mentandcalendar-year)Coxmodelssuggestthat lethalinterventionwasassociatedwith a
non-significantreductionin risk of recurrencewhencomparedto non-lethalintervention
(Table3).Thesection-scalemodelsincludingatime-varyingcovariate(tvc) werenot signifi-
cant,sothePH assumptionwasnot violated(tvcP>0.05).Themultivariatemodelincluding
treatmentandyearsuggestslethalinterventiononly weaklyreducedrisk of recurrence(slow-
ing recurrence)by27%,but thatwasnot astatisticallysignificantdifference(HR = 0.73,
P= 0.326;Table3).Thismodelalsorevealedanincreasingrisk of recurrence(hasteningrecur-
rence)by9%eachcalendar-year(HR = 1.09,P= 0.022).Lethalinterventionwasnot signifi-
cantlydifferentfrom non-lethalinterventionin our frailty model(HR = 0.48,P= 0.158;
TableA in S2File),with themodelsuggestingsignificantfrailty (omittedor unobserved

Table 2. General and stratified log-rank (χ2) tests examining difference between treatments’ (lethal and non-lethal) survival distributions (measur-

ing risk of recurrence) after wolf depredations, for all spatial scales.

Spatial scale of analysis

Section Township Neighborhood

SUBJECTS AND ’FAILURES’

TOTAL DEPREDATION EVENTS 199 125 125

Failures (recurrent events) 56 24 25

SURVIVAL FUNCTIONS

Log rank test (χ2) 0.27 1.44 0.08

p-val 0.603 0.23 0.772

Stratified Log-rank test (χ2) 0.48 - 0.28

p-val 0.488 - 0.593

https://doi.org/10.1371/journal.pone.0189729.t002

Table 3. Main results of Cox models measuring risk of recurrence between treatments (lethal and non-lethal) implemented after wolf depredations,

for all spatial scales.

Spatial scale of analysis

Section Township Neighborhood

PROPORTIONAL HAZARD MODELS Interv Interv & year Interv Interv & year Interv Interv & year

Standard cox (stratified)

Intervention HR (SD) 0.77 (0.22) 0.73 (0.23) 0.48 (0.308) 0.46 (0.29) 0.80 (0.340) 0.72 (0.34)

p-val 0.36 0.326 0.255 0.224 0.644 0.486

year HR (SD) - 1.09 (0.04)* - 1.05 (0.05) - 1.14 (0.07)*

p-val - 0.022 - 0.28 - 0.024

Standard cox with tvc (stratified)

Intervention HR (SD) 0.48 (0.21)* 0.46 (0.21) 1.87 (1.47) 1.78 (1.38) 0.84 (0.62) 0.80 (0.63)

p-val 0.099 0.091 0.425 0.458 0.818 0.778

tvc(Intervention) HR (SD) 1.01 (0.01)* 1.01 (0.01) 0.97 (0.01)** 0.97 (0.01)** 0.99 (0.01) 1.00 (0.01)

p-val 0.057 0.068 0.001 0.001 0.928 0.852

year HR (SD) - 1.09 (0.04)* - 1.05 (0.05) - 1.14 (0.07)*

p-val - 0.023 - 0.281 - 0.023

Significance

* if p-val �� .05

** if �� .01.

https://doi.org/10.1371/journal.pone.0189729.t003
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covariates)remainingin themodel(P= 0.006).For thosedepredationeventsfollowedby
lethalintervention,wefoundno correlationbetweendelayto recurrenceandthenumberof
wolveskilled (Spearman'srho = 0.107,P= 0.559,Table4;`trapsplaced':Spearman's
rho = 0.076,P= 0.657;TableC in S3File).

Township scale

Our datasetconsistedof 125depredations,26followedbylethalintervention(21%)and99fol-
lowedbynon-lethalintervention(79%).Logranktestscouldnot distinguishthesurvivalfunctions
betweentreatments(df = 1,generaltest:χ2 = 1.44,P = 0.23;Table2).Likewise,allCoxmodels
revealedno significantdifferencesbetweentreatments(Table3).Thetownship-scalemodels
includingatvcweresignificant,suggestingthePH assumptionwasviolated(tvcP<0.05).Hence,
wefocusour analysison themodelincludingthetvc.Lethalinterventionincreasedrisk (hastening
recurrence)by22%,but thiswasnot statisticallysignificant(treatmentHR = 1.78,P= 0.458).How-
ever,our tvc,whichaccountsfor non-proportionalhazards,hintsataminimal (3%)reductionin
risk overfollow-uptime(tvcHR = 0.97,P= 0.001).Calendar-yearwasnot significant(HR = 1.05,
P= 0.281).Differencesbetweentreatmentswerenot significantin our frailty model(HR = 0.45,
P= 0.242;TableA in S2File).For thoseeventsfollowedby lethalintervention,wefoundno corre-
lationbetweendelayto recurrenceandthenumberof wolveskilled (Spearman'srho = 0.212,
P= 0.299,Table4;`trapsplaced':Spearman'srho = 0.233,P= 0.224;TableC in S3File).

Neighborhood scale

Our datasetconsistedof 125depredations,26followedby lethalintervention(21%)and99fol-
lowedbynon-lethalintervention(79%).Again,logrank testscouldnot distinguishsurvival
functionsbetweentreatments(generaltest:χ2 = 0.08,P = 0.772;stratifiedtest:χ2 = 0.28,
P = 0.594).Similarly,all Coxmodelsrevealedno differencesbetweentreatments(Table2).
Theneighborhood-scalemodelsincludingatvcwerenot significant,sothePH assumption
wasnot violated(tvcP>0.05).Lethalinterventiononly weaklyreducedtherisk of recurrence
(slowingrecurrence)by28%but thisdifferencewasnot significant(treatmentHR = 0.72,
P= 0.486;Table3).Wefoundastatisticallysignificantincreasein risk of recurrence(hastening
recurrence)of 14%everycalendar-year(HR = 1.14,P= 0.024).Thefrailty modelshowedno
significantdifferencesbetweentreatments(HR = 0.80,P= 0.67;TableA in S2File).

For thoseeventsfollowedby lethalintervention,wefoundno evidenceof acorrelation
betweentime to recurrenceandthenumberof wolveskilled (Spearman'srho = 0.295,
P= 0.135,Table4;`trapsplaced':Spearman'srho = 0.161,P= 0.395;TableC in S3File).

Forall spatialscales,all effectsof treatmentremainedconsistentfor the`trapsplaced'condi-
tion, whenlimiting thedatato post-2003depredationevents,̀skip-a-year'datasetandwhen
removingaspecialcase(S2±S4Files).

Discussion

Weretrospectivelyevaluatedwhetherlethalinterventionsby theStateof Michiganin response
to wolf predationon domesticanimals(depredations)between1998±2014resultedin lower

Table 4. Spearman correlation between delay to recurrence and number of wolves killed after depredation events followed by lethal intervention

(wolves killed� 0), for all spatial scales.

Section Township Neighborhood

Spearman’s rho 0.107 0.212 0.295

p-val 0.5591 0.2994 0.1354

https://doi.org/10.1371/journal.pone.0189729.t004
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risk of recurrenceof depredationsthanif no wolveswerekilled.Wefound thedelayto recur-
renceof depredationswasunrelatedto thenumberof wolveskilled atall spatialscales.We
found lethalmanagementdid not significantlyshortenor lengthentheintervalto thenext
depredationrelativeto non-lethalinterventions.A small,statisticallyinsignificantreductionin
therisk of depredationat thesectionlevelwasoffsetbyasimilarandalsostatisticallyinsignifi-
cantincreasein therisk of depredationat thetownshipscale,which isabouthalf thesizeof a
wolf packterritory, andthenasimilardecreasein risk at thescaleof neighborhoodsof town-
ships,whicharefour timeslargerthantheaveragewolf packterritory [30]. Noneof thesedif-
ferenceswerestatisticallysignificantusingabatteryof tests.

Our methodsor alternativemodelsaccountedfor potentialviolationsof theproportional
hazardsassumption,unlike aprior studyof wolvesin theNorthern RockyMountains(see
below);accountedfor within-subjectcorrelation;wereunaffectedwhenwerestrictedanalysis
to theperiodafter2003whenlethalinterventionsfirst becamelegal;andaccountedfor a
changein definition of lethalmethodsto includetheinstallationof lethalmethodsthatdid not
kill anywolves(S3File).Thereisevidencefor theeffectof lethalinterventionchangingslightly
overthecourseof asinglecalendaryearat thetownshipscale,throughaminimal reductionin
risk overfollow-up time.Wealsodetectedvariationbetweenindividual farmsin their time to
recurrenceof depredations.Giventheapparent,net ineffectivenessof lethalinterventionand
theuncertaintyaboutpotentialbiasesin aretrospectiveanalysisof sparselydocumentedgov-
ernmentinterventions,werecommendethical,gold-standard,random-assignmentexperi-
mentsbeusedbeforefurther lethalmanagementisauthorizedto preventdepredations.

Overall,our analysissuggeststhatanypotentialbeneficialeffectsof lethalinterventions
locallywouldbeoffsetbydetrimentaleffectsfor neighboringfarmsin thesametownship.If
thesmall,localimprovementswereconsideredbiologically,ethically,or economicallyimpor-
tant to onefarm,thenonewouldalsohaveto admit theassociatedcoststo neighboringfarms
andthebiological,ethicalandeconomicimportanceto that farm.Therefore,giventheevi-
denceavailable,wecannotconcludethat lethalmanagementhadthedesiredeffectof prevent-
ing future livestocklosses.

Overthe17yearsof our study,therisk of depredationincreasedby9 and14%peryearat
thesectionandneighborhood(smallestandlargest)scales,respectively,in our maindataset.
However,thiseffectof yearis insignificantin our post-2003dataset(S4File).In addition to
changesin wolf densitieslocallythatmayhaveoccurred,theremayalsohavebeenchangesin
proportion of pasture,preydensity,landcover,farm size,roaddensity,amongothervariables
thatpredictdepredationsat localscales[17,38].Also,prior work indicatedsmallerpackswere
moreoftenimplicatedin livestockdepredationsthanlargerpacks[23]. Therefore,thenotion
thathigherdensitiesof wolveslocallywill resultin moredepredationsisnot wellsupported,as
opposedto theideathatarecolonizingpopulationencountersmorelivestockasaresultof
recolonizingmoreandmoreof their historicrangeovertime.

Wepresentour resultsguardedlyratherthanasadefinitiveconclusionabouteffectiveness
becauseof insurmountableuncertaintiesaboutthegovernmentdata.Retrospectiveanalysesto
evaluatetheeffectivenessof interventionsto preventpredationon livestockarefraughtwith
uncertaintybecauseof variousbiasesor challengespresentedby field conditions[2]. For
example,treatmentswerenot assignedrandomlyandchangingconditionsovertime locally
werenot documented.Theunintentionalerror mayhavebeenrandombut weareunableto
ruleout systematicerror (bias),whetherintentionalor unintentional.Thegovernmentdataset
weanalyzedhadundocumentedvariability in datacollectionandintervention,includingpos-
siblesystematicselectionbiasaffectingwhichareasreceivedwhich interventions.

Selection(or enrollment)biaswouldariseif subjectsenteredthestudyundervaryingcon-
ditions thataffectedoutcomes.All sectionscontainingfarms(subjects)enteredour study
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becauseof averifieddepredation,but subjectsenteredatdifferenttimesandsomefarmowners
might haverespondedto depredationsin undocumentedwaysincludingpoachingwolves.
Likewise,attrition biaswouldariseif subjectsleft thestudyfor reasonsthatwerenot random
with respectto their outcomes.Thiswouldoccursystematicallyif asubsetof theinterventions
ledfarmersnot to complainin thefuturedespitefacingdepredations,or to takemattersinto
their ownhands,asabove.Compensationwasofferedthroughoutthestudyaswellasstate-
financednon-lethaldeterrencewhenlethalinterventionwasunavailable,soattrition bywith-
holdingcomplaintsseemsunlikely to havebeenfrequentor widespread.However,wewould
guessthatnon-interventionmight beconstruedasunhelpfulbycomplainants,leadingsomeof
themto interveneindependently.Weconsiderunreportedwolf-killings to beamorepro-
nouncedconfoundingvariableafter2003,whenstatelethalmanagementwasallowed(Table1),
substantiatedbyarecentinferencethatallowingstatekilling of wolvesseemsto havepotentially
increasedpoachingof MichiganandWisconsinwolves[34]. Bydefinition, poachingcanonly
confoundtestsof non-lethaldeterrencebecausepoachingfollowing lethalinterventionwould
only increasethenumberof wolveskilled (undetectablyin our context),but not changethe
natureof that lethalintervention.Wedo not seehowpoachingcouldconfoundtheapparent
reversalof effectsof lethalcontrol acrossour threegeographicscalesof analysis.

Furthermore,treatmentbiaswouldariseif methodsof interventionwerenot standardized.
Treatmentbiascertainlyaroseamongnon-lethaldeterrentsbecausedifferentcomplainants
receiveddifferenttypesof non-lethalmethodsandwedo not know if theymaintainedor
installedthemethodsappropriatelyor identically.Non-lethaldeterrentswerepresumablynego-
tiatedwith complainantsandthereforemostproneto treatmentbiasthatwouldconfoundour
results.However,only 8%of our eventualsamplereceivednon-lethaldeterrents.Moreover,we
haveno dataon otherdeterrentsor precautionsunilaterallyimplementedbycomplainants.
Lethalinterventionsweremoreuniform in method[20] but wedid not receiveprecise,detailed
information on implementation(numberof trap-nights,exactlocations,etc.).Moreover,if
lethalinterventionswerespatiallysegregatedfrom othertypesof interventions,thenselection
biasmight haveappliedsystematicallybecausefarmsperceivedto behigher-riskmight have
receivedlethalinterventionspreferentiallyandalsobeexpectedto haverecurrentdepredations.
Thismight haveresultedin significant,between-subjectvariability.Suchabiaswouldnot
explainthespill-overeffectwedetected.Intermittent authorityfor lethalinterventionledto the
samespatialunits receivingall typesof intervention(S1 Data File). Giventhatauthorityfor the
stateto kill wolvesafterverifieddepredationswasgrantedor withheldbyfederaldecisionsunre-
latedto areaattributesor recentdepredationcomplaintsandin severalyearsof thestudyeven
high-riskareasreceivedno interventions[16], it seemsunlikely that lethalcontrol authorityfor
Michigancoincidedwith riskyyears.Therefore,anytreatmentbias(interveninglethallyatsites
thatwereinherentlymorelikely to haverecurrenceof depredation)wouldhaveto occurat the
spatiotemporalscaleof individual farmswithin years.Weaddressedwithin-subjectvariability
usingafrailty model(S2File),whichrevealedthepresenceof confoundingeffectsat thesection
level,but thetreatmenteffectremainedstatisticallyinsignificant.

Finally,wolf abundancewasunlikely to confoundour testsbecausethenumberof wolves
within our spatialunitswasunlikely to changesubstantiallyfrom oneincident to thenext
within asmallareawithin oneyear.

In sum,wefind amplereasonto expectconfoundingvariableswouldweakeninference
from aretrospective,quasi-experimental testof interventionsto preventlivestockloss.Our
attemptsto detectandscreenfor biaseswerenecessarilyimperfectbecausewecouldnot assign
treatmentsrandomlynor couldweretrospectivelyassessif interventionswereassignedhap-
hazardlyor subjectively.Our analysescontrolledfor variationin risk dueto time andinter-
farm differencesusingtvcandfrailty models(S2File),but couldnot ultimatelycontrol for
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transientchangesin risk associatedwith wolves,people,or otherwildlife. Moreover,wewere
not ableto accountfor illegalwolf-killing thatmight haveaddedto treatmentbiasaffecting
non-lethalinterventions.

Nevertheless,thereisvaluein thescientificexaminationof on-the-groundprogramsof
predatormanagementastheyareactuallycarriedout by theorganizationsthatdischarge
them.Avoidanceof selection,treatmentor measurementbiaseswouldrequireenforcementof
strict protocolsthatarerareworldwide[2, 39±41].In addition to understandinghowthe
strongestinferencearisesfrom gold-standardexperimentswithout bias,wildlife managers
havearesponsibilityto continuallyevaluatetheir particularactionsandpoliciesto ascertainif
theyareeffectiveataccomplishingthegoalssetby thebroadestsociety,andto remedyor ter-
minatethemif theyarefound to beineffective,asevidence-basedpolicy-makingdemands.

An exampleof agold-standarddesignthatmight achievestronginferencewouldberan-
dom-assignmentof treatmentto different,largeareas(e.g.,324km2) with uniform treatments,
in whichmeasurementisunbiasedbyblinding or independent,third partymonitors,anddata
analysisisconductedby independent,third-party analystswithout financialconflictsof inter-
estinvolvingthegovernmentor livestockindustry.However,suchanexperimentwouldhave
to addresstheethicalimplicationsfor bothanimalsandpeopleof removingwild animals,pos-
siblyexposingmorelivestockto spill-overeffects,andthebroadpublic interestin preserving
bothwildlife andlivelihoods.A stepin thatdirection,albeitimperfect,maybeto temporarily
relocatepredatorsto captivityuntil theanalysisperiodendedin eacharea.

If our resultsaresupportedbyagold-standardexperiment,weproposeahypothesisfor
two long-standingphenomenaabouthumanperceptionsof conflictswith predatorsandthe
perceivedeffectivenessof interventions.Weobservethatkilling predatorsiswidelyperceived
to beeffective(e.g.,in our region:[42,43],yetafterwardsrealandperceivedrisksappearto
increase[44]. Thespill-overeffectmayberesponsible.Our hypothesisbuildson theideafirst
articulatedbyHaber[45] thatkilling wolvescantriggerpackdisruptionwhichmight leadto
morelivestockpredationthandoneby intactpacks.If our inferenceaboutspill-overeffectsis
confirmed,thenwehypothesizethat theperceivedeffectivenessof lethalmethodsstemsfrom
afewlivestockownerswhoreportpreventivebenefits,whileneighboringlivestockowners
report increasinglossesbecauseof thespill-overeffectfrom theformer farms.Theadverse
effectsof killing wolvesasaresponseto depredationsmight therebybeobscuredbyanecdotal
accountsandmisperceptions.

Our resultsappearto contradictthoseof the[4] in theNorthern RockyMountains(NRM)
for theperiod1989±2012.Although[4] conductedsimilarsurvivalanalyses,theyfound lethal
methodssignificantlyreducedtherisk of recurrence,andthatkilling anentirewolf packwas
moreeffectivethanthekilling of asubsetof membersof apack.Theyreportedonly amarginal
differencebetweenpartialpackremovalandno removalif wolveswerekilled within thefirst 7
daysfollowingadepredationeventandno differenceif 14dayselapsed.Most lethalinterven-
tionsin Michiganwereprobablypartialpackremovals(medianwolveskilled = 1,S1 Data

File) soour resultsareconsistent.However,otherdifferencesin resultsbetweentheir study
andourscouldbedueto differentsitesandmethods.

Theanalysisin [4] includedmorevariedmethodsof lethalinterventionandthelandscapes
differ (theirsbeingmountainousandwiderwhileMichigan'sis flatterandsurroundedby
wateron threesides,with attendantdifferencesin vegetation,lakeeffects,humanpopulation
density,wolf migration,livestockhusbandrypractices,etc.).In addition,thesurvivalanalyses
employedby [4] differedfrom oursin waysthatwecouldnot resolvedespiteseveralemail
exchangeswith theleadauthorandtheanalystco-author.

First,[4] did not accountfor treatmenteffectsbeyondasinglespatialscale(seeBox1).
Their analysiswasrestrictedto theaffectedwolf packterritory, despitetheir ownreportsthat
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killing wolveshadat timesscatteredsurvivingpackmembersbeyondtheir original territory
[10,13,46].Thispreviousresearchwouldarguefor ananalysisthatexaminedneighboring
areaspotentiallyaffectedbyspill-overfrom scatteredsurvivors.

Second,apparentshortcomingsof thestatisticalmodelingin [4] mayhaveaffectedits
results.Their measureof delayto recurrencefor full packremovalsspansthetime from death
of thelastpackmemberto thetime whenanewpackattackedlivestockin thesameterritory.
Thismeasureof delayto nextdepredationartificially inflateseffectivenessbecauseit incorpo-
ratesapotentiallylongtimespanbeforeanewpackestablishes,whichprobablyincludesmany
time-consumingeventsunrelatedto theintervention(e.g.,immigration,breeding).Bycon-
trast,our methodcensoredobservationsat theendof eachyear,sosubjectswerecomparedon
amore-equalfootingafterintervention.Forpartialremovalandno removalinterventionsin
[4], theterritory wasstill occupiedbywolvessodelaysprobablydid not includeasmanytime-
consumingdemographicevents(if any).Althoughweunderstandthat their intent wasto ana-
lyzeif depredationscouldbedelayedfor longerbykilling entirewolf packs,wewouldargue
that theappropriatecontrol for theevaluationof this interventionwouldbesiteswith suitable
wolf habitatbut without anestablishedpackbecauseof eventsunrelatedto killing wolves,such
asrecolonizationof vacanthabitat.

Usingabiomedicalanalogy,[4] identifiedthehospitalbed(thepackterritory) asthesubject
ratherthanthepatient(thewolf pack),regardlessif thewolf packis thesameor if it diesandis
replacedbyanewpack.Researcherscontinuedmeasuringthedelayto thenextinfection
(depredation)in thatbedovertime,without correctingfor thedelayto arrivalof anewpatient
to thatbedif apreviouspatientdies.Thedelayto thenextinfectiononceapatientdiesiscon-
tingenton thearrivalof anewpatientto thatemptybed,whichhaslittle to do with theinter-
ventionimplementedto thebedotherthanmakingit availablefor anewpatient(with full
packremoval).Bycontrast,in our studythepatient(area)is theonly patient,eachinfection
receivesatreatment,anddelayto nextinfectionisalwaysmeasuredfor thesamepatientwith a
reseteachyear.

Third, differenceswith [4] couldalsopotentiallyarisefrom differenthandlingof thepro-
portionalhazards(PH) assumption.Weevaluatedthecomplianceof our modelswith thePH
assumptionthroughtheinclusionof atime-varyingcovariate(tvc) [31]. A significanttvc
affectsbothour treatmenthazardratiosandtheir significance,(e.g.,Table3).Weassume
that [4]'s teamemployedothermodeldiagnosticsto evaluatetheir compliancewith thePH
assumption,but theydid not reportsuchdiagnostictests.Until thesummarydataarepub-
lished,wecannotagreewith theconclusionsin [4].

Finally,somemight arguethatbydefiningour subjectsasarea-yearsandincluding the
sameareaoverdifferentyearswepseudo-replicatednon-independentsamples.In our dataset,
only 16out of 106sectionshaddepredationincidentsin multiple years.To addressthatcon-
cern,webuilt analternativemodelin whichareaswereomittedin succeedingyears(S5File).
Resultsfor thisdatasetareconsistentwith our main resultsat thesectionscale(S5File).

Conclusions

Lethalinterventionsby theStateof Michiganagainstwolvesin thevicinitiesof verifiedlive-
stocklossesdid not appearto reducefuture losses.Weviewour findingsaspreliminary
pendingexperimentswith strongerinference.Our inferencescouldnot overcomealackof
systematicinformation on governmentinterventionsandno effort to control for their treat-
ments,despiteacallfor suchshortlyafterthelegalizationof lethalremovalof wolvesin 2003
[47]. Wedetectedapotentialspill-overof depredationsfrom thefarm receivinglethalinter-
ventiononto neighboringfarms.Giventhisevidencefor interactionsin depredationsover
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significantareas,wemustlook with skepticismuponanypreviousor future resultswhichana-
lyzethefunctionaleffectivenessof lethalcontrol but do not takethesespatialrelationshipsinto
account.Further,giventhesevereethicalissuesinvolvedin implementingharmfulor lethal
interventions,thelackof effectivenessof theseinterventionsarguesfor their curtailingin favor
of non-lethalalternativesthatareeffective.In theStateof Michigan,thereisstrongscientific
evidence[2] for theeffectivenessof at leasttwo non-lethalmethods(fladryandlivestock
guardingdogs;7±8).No peer-reviewedscientificstudyhasevershownlethalmethodsto be
effectivein Michigan.Indeed,our reviewof [4] abovesuggestsno studyin theUSAhasyet
provenwith stronginferencethatkilling wolvesiseffectivein preventingfuture livestocklosses
[2, 39±41].Althoughit mayseemobviousthatkilling apredatorwhosejawsareaboutto lock
on acalfshouldprotectthecalf,governmentlethalmethodsarenot implementedin thatway.
Virtually all areindirect methodssuchastrapsplacedfar from thedepredationsiteandlong
afteracalfiskilled.Therefore,rigorousscientificevaluationsareanecessaryprerequisite
beforeimplementinganintervention,especiallygiventheethicalandlegalobligationsto bal-
anceprotectionof livestockandwild animalsfor thebroadpublic interest.TheUSEndan-
geredSpeciesAct mandatestheuseof theªbestscientificandcommercialdataavailableºwhen
makingconservationandmanagementdecisionfor listedspecies.

Followingrecommendationsfor ethicalwildlife management[48,49], lethalmanagement
shouldbediscontinued,ascurrentlytheharmit causeswolvesandlivestockisnot offsetby
benefits.If lethalmethodsarestill necessaryin somesituations[48,49],theseshouldbecon-
stantlymonitoredandevaluatedby independentthird partiesto measuretheir effectivenessor
lackthereof[48].
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