


Killing wolves may protect one farm but harm neighbors
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Introduction

Largecarnivoressuchasgraywolves Canis lupus, aredifficult to protectin mixed-usdand-
scapebecaussomepeopleperceivehemasdangerousandbecaus¢heysometimeghreaten
humanpropertyandsafety Traditionally,governmentkill wild animalsin aneffortto pre-
ventthreatsto propertyandsafety[1]. Howeverarecentsummaryof peer-reviewedtudies
thatemployedexperimentabr quasi-experimentakstsof interventionsagainstcarnivore
attackson domesticanimalsin farmsraiseddoubtsaboutthe functionaleffectivenessf lethal
methodg[2]. Namely mosttestsof lethalmethodsshowedho effector counter-productive
effectghigherlivestocklossesfterintervention),and numeroustestscontainedbiase®r
flawsthat precludereliableinference2]. Two testsusingquasi-experimentalesignshowed
minimal, regionaleffectof variouslethalmethodg3] andastrong,localeffectof government
trappingandaerialshooting[4], respectivelyBut noneprovidedthe higheststandardof evi-
dencg?2], which arerandom-assignmengxperimentatestsof aninterventionwithout biasin
samplingtreatmentmeasuremenor reporting[5, 6]. Higher standardof evidencevere
appliedto testsof non-lethalmethodsgenerallyandtwo suchtestsappliedthe higheststan-
dardsthat alsoprovedeffectivan preventingpredationeventson domesticanimals(depreda-
tion). Thetwo methodswerefladry (avisualdeterrenteffectiveagainstwvolvesonly, thusfar)
andlivestock-guardinglogs[7, 8]. A recentcontroversyoverkilling wolvesin the Northern
RockyMountains(NRM) illustratesthe difficulty of forming scientificconsensusn the effec-
tivenesof lethalmethodsfor preventingdepredationsvhenstandardf evidencerenot
consistent.

Twoteamd4, 9] cameto oppositeconclusionsvhenanalyzingverysimilar datafrom the
sameregionandsimilar periodfor the Northern RockyMountain wolf population.A deeper
look suggestthatinferencesirawnfrom thesequasi-experimentaestsareweakenedby
uncontrolledvariablegBox1).

Box 1

Onetestincludedonly wolf-killing by aerialgunningandseveraground-basednethods
from 1989+20084], whereaghe otherincludedall permittedwolf-killing, including
public hunting, from 1987+2019]. Thelatter of thesewo analysefound thatkilling
morewolveswasfollowedby morelivestocklosseshefollowing year,usinganegative
binomial regressiommodelcontrolling for multiple variableg9]. However that testdid
not accountadequatelyor thetime seriesunderlyingseverabariableghatincreased
overtime. For examplepvertime the wolf populationincreasedn sizeandalsospread
geographicallytherebyexposingmore farm animalsto depredationsBecaus¢he
amountof wolf-killing increasedvertime as(a) recolonizingwolvedeft the protection
of anationalparkandwild areasand (b) policy changesntroducedwolf-huntingin
additionto killing by governmentagentg4, 10,11],weshouldexpecthe predictors
(wolf-killing, livestockexposedandwolf distribution) to riseovertime in parallelwith
the observedisein domesticanimallosse®vertime, whichwould makea statistically
significantassociatiorspuriousif thetime trend werenot accountedor properly.
Anotherteamconductedthe sameanalysisvith the samedatawhile accountingfor time
seriegrendsandstatisticaimisspecificationsandresultssuggeskilling wolvesinstead
ledto anincreasen attackson cattlein the sameyearandfewerattackshe following
year relativeto no killing [12]. However this analysiseemsdo haveeliminatedthe pos-
sibility of anunderlyingeffectof wolf populationsizeanddid not considerthe
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geographispreadf wolvesanapproachthat remainsto bevalidated12]. Propersta-
tisticalcontrol for exposurgencounterdetweenvolvesand domesticanimals)might
requireameasuref geographicspreadof wolvesnot justwolf anddomesticanimal
abundancesegionally.Theremedywould haverequiredspatialinformation atscales
belowthat of the region. The authorsof the analysisof wolf-killing betweerl.989+2008
incorporatedspatialinformation, yetdid not extendspatialanalysesufficiently,and
limited their datato atime periodwhenonly governmentwolf-killing waslegally
allowed[4]. Theyfound areductionin risk of recurrencesubsequento wolf-killing
within awolf packterritory. Thereductionsappearedignificantandhigh in magnitude
afteranentirepackwaskilled, andappearedignificantbut lowerin magnitudewhen
only part of apackwaskilled, comparedwith no removal[4]. Theanalysisvasrestricted
to the affectedwvolf packterritory, despitethe researchergwn work documentinghow
partialremovalof wolvescould scattersurvivorsbeyondtheir original packrange[11,
13]. Therefore the analysigf risk of recurrenceof depredationshouldhaveexamined
neighboringareasand evenmore distantconsequence3heimportanceof examining
livestocklossbeyondthe edgef wolf packterritorieshadbeennoted[14]. We examine
theanalysi®©f [4] in greaterdetailin the Discussion.

Wetestedthe hypothesighat two treatmentglethaland non-lethalintervention)following
verifieddepredation$haddifferenteffecton therisk of arecurrencgoccurrenceof asubse-
gquentdepredation)at that siteand at neighboringsitesat two largergeographiscalesWe
testedthat hypothesidbecaus¢he commonjustificationfor lethalinterventionsworldwideis
thateliminating problemindividuals,or regionalpredatorreductionswill delayor curtail
future lossesmmediately andfor atleastoneyearuntil wolvesarereplaced15]. Weretro-
spectivelyexamineddatacollectedby stateandfederalagentsn the stateof Michigan,USA,
from 1998+2014ysingmethodssimilarto [4], with two main differencesThefirst difference
wasthatweexaminedspatialscaledeyondthe siteof the intervention,sowe could detect
spill-overeffectsup to aradiusof 16.25km from the siteof the intervention(neighborhood
of townshipscaleseeViethodssectionbelow).The secondlifferencewasthatweincluded?2
distinctinterventionsiethaland non-lethalinterventions(pseudo-controlseebelow).Our
analysisvasretrospectivandtreatmentshadnot beenassignedandomly,thusthe highest
standardonemight achievevould beasilver-standaraxperiment2]. With dataon the his-
tory andlocationsof eventsandinterventions wewereableto drawstrongerinferencethana
simplecomparisonof meansetweerinterventions But quasi-experimentakstsmight be
confoundedby the effectof time passingbefore-and-afterascarnivoreslivestock and people
respondto changingconditionsandotheraspect®f the environmentchangandependently.

We hadto considerpotentialbiasin treatment.Fieldagentsapparentlymadesubjective
judgmentsaboutwhereto implementlethalinterventionwhenthat waspermittedby the fed-
eralgovernmen{Tablel & [16]). Thereforewehadto contendwith a pseudo-controbsfol-
lows:At times,the stateagencyoptednot to kill wolvesor optedto offerfarmersnon-lethal
deterrentsandthe stateadvisedhe complainanton protectionof livestock Thelatterinter-
ventioninvolvedcommunicationsand possibledeploymentof non-lethaldeterrentgsee
below)with unknown characteristicer consistencyWe alsoconsideregotentialmeasure-
menterrorstthatmayhavebeensystematicnot randomerrorstassociategith unreported
wolf-killing andunreporteddepredationshoth of which occurin neighboringWisconsin[2,
14],andarebelievedo occurin Michiganaswell[17,18].
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Table 1. Periods for wolf-killing policy signals in Wl 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://da.org/10.1371durnal.pon®189729.t001

Selectiorbias+orthe tendencyto applydifferentinterventionsto differentsubjectsor loca-
tions basedn someanticipatedoutcomezcarmpowerfullyaffectthe resultsof experimental
testg5]. In short,wecontrolledfor spatialvariationby comparinganinterventionsiteto itself,
but wecouldnot control for theintervenors'subjectivedecisionsin the Discussionweiden-
tify anddiscusgotentialsourcef biasin the dataseprovidedto us.

Becausef the caveatsiboverelatingto the strengthof inferencewe might drawfrom the
uncontrolled experimenttonductedby the Stateof Michigan,weregardour conclusionsas
preliminaryin the samewaythat otherrecentpublishedstudiesshouldbe consideredpending
gold-standarcexperimentg4, 9, 12]. Thesestudiesoffer newinferencesandtestablénypothe-
sesaboutthe effectof interventions ratherthan conclusionsaboutthe functional effectiveness
of theinterventionsper se.

Materials and methods
Data sources

The Stateof Michigan continuouslymonitored complaintsaboutwolvesand annuallymoni-
tored thewolvesthemselvesacrosshe Upper Peninsulg42,61km?). We usedthe federal
government'publishedreportsfor Michigan'sminimum, late-winterwolf population
(https://www.fws.gov/midwest/alf/aboutwolves/mi_wi_nos.htmyupplementedby Michi-
gandataprovidedto the Little RiverBandof Ottawalndiansaftertheir requesthroughafed-
eralConsentDecreeMichiganestimatedvolf numbersby snow-tracksurveyssummer
howling,andaerialtelemetryof VHF radio-collaredwolvesprimarily [19]. Theexceptionwvas
wolf-year2012whenMichigandid not censusts wolf population,soweinterpolatedthe mid-
point of the 2011and 2013estimategFig 1). Our studyspannedvolf-years1998+201%calen-
dar-yearsl998+2014nwolf-yeart was15April of yeart-1to 14 April of yeart.
MichiganprovidedWolf Activity Reportswith 379entries. The U.S.Departmentof Agri-
culture Wildlife ServicegUSDA) investigatednanyof thesancidentssincel990under state
contract[20]. Hereafterwereferto Michiganwhenreferringto governmentesponseto
wolf-relatedcomplaints whetherby stateor USDAfield personnelWe discardedL49entries
that consistedf differentcategoriesf wolf encountersobservationsperceivedhreatsto
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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://i.org/10.1371durnal.por.0189729.¢01

humansor domesticanimals or wolf interactionswith houndsengagedh training or hunting,
but whichlackedverifieddepredation®n aprivateproperty.Discardingperceivedhreatsto
humansshouldpreventthe introduction of somebiaseshbecaus¢he Wolf Activity Report
entriessuggestethat onecomplainant'sthreat'wasanother's encounterthat did not result
in official complaint,investigationor intervention.Consideringthe potentialbiasingeffectsof
perceivedhreatsthatdid not leadto acomplaint(falsenegatives)perceivedhreatsthat were
simplyobservationgfalsepositives) andacompletelackof anysuchreportsbefore2002 we
felt more securesettingasideall entrieslackingdepredationgnd ensuingverification.Also,
wolf interactionswith houndsoccurunderverydifferentcircumstancethandepredationsn
our region[21+24].In sum,weretained230complaintsfor screeningasdescribedelow.

We screenedomplaintsfor verificationandindependencéetweerdepredationsDuring the
studyperiod,Michiganverified499livestockor farm animalsinjured or killed by wolvesin 230
complaints Depredationsvereclassifiecasindependentif theyoccurredon adifferentdate.

Michiganrespondedn severalvaysto predation:communicationonly, provisionof non-
lethaldeterrentspr lethalintervention.Lethalinterventionconsistedf live-trappingon or near
the complainant'ropertyfor severatiaysto weeksafteradepredationandif successfuthe
stateshotoneor morewolvescaughtalivein leg-holdtraps(n = 98wolveskilled overall with
lethalinterventionsfollowing depredationsn 37 occasionsandresultingin the deathsof 56
wolvesn 32interventionsand O wolveskilled in 5 occasions)n afewcasetandownersshot
wolvesafterreceivingstatepermits.We omitted 32 casesn whichwolveswerekilled but werenot
involvedin depredationspnly two of which occurredin the sametownships(geopoliticaimap-
ping areaof 36 miles’ or 92.16km?) aslethalinterventionduring our study.We did not include
the public hunting seasomat the end of 2013becaus¢hoseremovalsverenot targetedatknown
complaintsiteg25]. Non-lethaldeterrencavasusedprimarily whenno losse®ccurredin the
Wolf Activity Reportssomostsuchinterventionswereexcludedy our screeningriteriaabove.

Wereferto anyinterventionthatdid not leadto wolvesdying asnon-lethal,whichimplies
only that no wolveswerekilled, but relatedactionsmayhaveentailedarangeof communi-
cationswith the complainantand otherresponsesncluding the provisionof non-lethaldeter-
rentsin somecasesAll interventionsincludedcommunicationsvith complainantdbut we
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hadno datato determineif suchcommunicationdifferedbetweeriethalinterventionand
non-lethal.Non-lethaldeterrentancludedoneor more of the following: crackershellshazing
kits, live-traps lights,or fencingwith variousmaterialsjncluding fladry (alooseflagginghung
atregularintervalson fence-lineg26]). We alsoclassifiedive-trapping(i.e.,attemptedethal
interventions)thatresultedn no wolveskilled (n = 5) as ' non-lethal' Differencesn non-lethal
methodsimplementedat differentsitescould beattributedto costsjudgmentsby stateagents
abouteffectivenesim agivensituation,willingnessof livestockownersto deploycertaintech-
nigues,or otherundocumentedactors.Becausef the smallsampleof occasionsvhennon-
lethaldeterrentsaveredeployedafterdepredationgn = 18),wepooledall interventionsthat
did not leadto wolf-killing asnon-lethal, dueto insufficientinformation on whetherthe deter-
rentswereactuallyimplementedby thefarmer.

A true control would haveenactedall the sameproceduregndtime spenton the complain-
ant'spropertywithout killing wolvesor installinganynon-lethalinfrastructure. Thereforewe
referto our non-lethalinterventionclassificatiorasa pseudo-controbecausé& mayhave
includeddifferentcommunicationor ajudgmentby a stateagentthat lethalinterventionwas
not likely to succeedHowever giventhat the federalpermit for the stateto uselethalcontrol
wasissuedandrescindedseveratimeswithout regardto eventson theground(Tablel), we
infer thatthetwo treatmentsveanalyzedverelargelyselectedecausef the broadergovern-
mentaltimelinesratherthanthe eventsataparticularproperty.Independentecisionsabout
theavailabilityof lethalinterventionwould reducetherisk of treatmentbias[2]. Regardless,
this studyrepresentasilver-standaragxperimentwith possibldreatmentbiasethat mustbe
consideredreliminary and examinedcarefully(seeDiscussion).

With the precedingeriteria, our primary sampleof 230depredationgor depredation
eventspywhichwemeanaverified,independentvolf depredatiorincidentin the Wolf Activ-
ity Report)consistedf 32depredationgollowedby lethalintervention,and 198followedby
non-lethalintervention.

Analyses

We usedgeopoliticalsectiongregularunits of 1 mile? or 2.56km?) asthe smallesmapping
units, following [27]. Sectionganbereadfrom commerciallyavailableoadatlasesSome-
timesmore precisdocationswerealsoprovided,but inspectionrevealedhat manyof these
weresimplythelatitudeandlongitudeof the centerof the section.Virtually everylivestock
pasturdaywithin the bordersof asinglesection All livestockpasturesvereon privateprop-
erty of muchlessthan 1 sectionin area(averagdarm sizewas0.3miles’ or 0.68km?in the
UpperPeninsulgd28]). Thestatedid not recordownershipof pasture®or the tenurestatusof
complainantsAll depredationeventsarepresentedn S1 Data File with certainpersonal
details propertyinformation, and precisdocationsredactedor privacy.

We determinedthe sequencef depredationeventshy referencdo the dateof thecom-
plaint on the Wolf Activity ReportsWe calculatedhe delayto recurrenceastheintervalin
daysto the nexteventin the samevicinity (2.56km? sectionor largergeographiainit, see
below).If therewereno subsequentventsn thevicinity that calendaryear,wecensoredhat
observatiorof delayto recurrenceat 31 Decembelof the sameyear.Virtually all depredations
occurredin thewarmermonths[20], with mosteventsoccurringin the period March-October
(90%)andonly 3%occurringin Novemberor Decembergchoingresultsfrom Edgeetal.[18].
Livestockin the UpperPeninsulaarekeptwithin enclosegastureyear-round,usuallyin
smallfarms,andthusequallyavailablg¢o wolvesthroughoutthe year[18, 29]. Therefore pur
decisionto measureand censorthe delayto recurrencewithin the calendaryearprovidedat
least60daysto detectan effectin 97%of eventgrecurrenceat sectionscale®ccurredwithin a
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medianof 13daysif it occurredthe sameyear).Had weextendedhetime horizonasin [4],
wesawarisk of conflatingthe recurrenceof depredatioreventsy laterwolveswith thetreat-
mentappliedto prior wolves.

We alsoexaminedf depredationsecurredattwo largerspatialscalesAt theintermediate
scaleof townships(36 miles’ or 92.16km?), the areausedfor measuringecurrenceapproxi-
matedhalfthe coreareaof anaveragevolf packterritory [30]. At our largestspatialscale,
the neighborhoodof townships(320miles’ or 829.44m?) wasequivalento 9 contiguous
townshipscenteredn adepredatioreventand >4 timesthe averageoreareaof awolf pack
territory [30]. For analysesf risk of recurrenceat the townshipandneighborhoodscaleswe
replacedhefixed geopoliticalunit with asquarebuffer of the sameareacenteren each
depredatiorevent(Fig 2). We detectecho differencein the sequencef depredatioreventgor
particularareasvhenusinga circularbuffer,possiblydueto the coordinatesor depredation
incidentsobtainedfrom the Wolf Activity Reportsrequentlyplacingtheincidentin the center
of asectionwhich both buffer shapegontained . The squarebufferwaspreferredbasedn its
consistencyvith the underlyingPublicLand SurveySystem(USGShttps://nationalmap.gov/
small_scale/a_plss.htnt@yercontainingthe spatialsubdivisionsve basedur threespatial

¢

‘a
Fig 2. Measuring recurrence between depredation events at multiple spatial scales. Each small
rectangle is a section (1 mile®). 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
2in A; 1and 5 or 3and 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 miles? 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 miles?).

https://bi.org/10.1371durnal.por.0189729.¢02
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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://abi.org/10.1371durnal.por.0189729.9408

scale®n. We measuredielayto recurrencen thatbuffer,repeatinghe procesgor subsequent
depredatioreventausingeachevent'souffer (i.e.,amovingwindow). The proces®f assigning
depredatioreventsat scalesargerthanthe section(Fig 2) wasdesignedo avoidpseudo-repli-
cation(oncethe effectof apair of eventavasmeasuredtalowerscalethat estimateof delay

to recurrencevasneverusedagainatlargerscales).

Theuseof threespatialscalesllowedusto detectdepredatiorrecurrencebeyondthe origi-
nal sites(spill-overeffectsfollowinginterventions.Our procesdor collapsingdepredation
eventgFig 2) producedaconservativassessmemtf spill-overeffectdecauseve eliminated
pseudo-replicatiomf estimate®f risk of recurrenceacrosscalesThedisadvantagef our
approachwasdecliningsamplesizeghat reducedhe powerof the testsatlargerscalesand
therebypotentiallyincreasedr'ypell error.

Statistical tests

We measuredlelayto recurrencan daysbetweereachpair of successivdepredationevents
asin Figs2 and 3, and producedsurvivalfunctionsfor eachtreatmentfollowing Hosmer,
Lemenshow& May[31]. A survivalfunction describeshe probability of observingatime
intervalbetweertwo depredationeventsT, greatethan somestatedvaluet, S(t)= P(T>t),
wheret is days.Thus,survivalfunctionsprovide,for everytime ¢, the probability of “surviving'
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(in this casenot experiencingadepredatiorevent)up to thattime, and describeheseproba-
bility distributions(survivaldistributions).Survivalanalysisomprisesa setof statisticaineth-
odsusedto quantifyandtestsurvivalfunction differencebetweertreatmentgroupsof
subjectg32].

At the smallesspatialscaleywedefinedour subjectsasthe sectionsn which depredations
occurred.Thus,sectionsareanalogousn biomedicalresearcho the patientreceivingtreat-
ments.In this casethe sectionreceivesdethalor non-lethaltreatmentof wolves Note that this
differsfrom prior researchhat definedwolf packterritoriesasthe subjectg4].

Subjectenterthe analysisaftertheinitial depredatioreventandremainin the analysis
until DecembeB1* of that year;hence pur subjectsarisefrom aparticularvicinity (i.e.,sec-
tion, townshipor neighborhood)n aparticularcalendar-yeaf1998to 2014)(Fig 3). Depreda-
tion eventsalongwith their respectivéreatmentsand measuresf recurrencenvereorganized
into stratabasedn their order of occurrencdor eachsubject(Fig 2). Eachyeara newsetof
stratawascreatedstartingwith stratum1 again.Theendof eachcalendaryearrepresentec
“resetpoint afterwhichweassumedndependencef subjectbecausdoth wolvesandlive-
stockaremostlyremovedfrom eachother'sreachuntil the nextgrazingperiod.Basedn this
classificatiorof subjectsaindstrata we clusteredur analysin auniqueidentifier reflectinga
particularvicinity-yearcombination,e.g.|D_TRS_Y1[33]. Thisapproachaccountdor poten-
tial spatialandtemporalauto-correlatioramongstratawithin subjectse.g.all depredation
eventdor the samesubjectexperiencedluring aparticularyearareassumedaorrelatedlt also
avoidspseudo-replicatiomf observediepredatioreventsrom the samesubjectasif they
wereindependenbf otherdepredatioreventsn thatsameyear,e.g.JD_TRS_2000'stratum
1 andstratum2 observationgrecorrectlyidentified asbelongingto the samesubjectrather
thanbelongingto two differentsubjectgpseudo-replicatioh In the Discussionywe examine
potentialpseudo-replicatiooncernsn our datasetindin prior approaches.

We employedyenerabndstratifiedlog-ranktests(Chi-squaredstatistic)to comparethe
survivaldistributionsfor delayto recurrencen both treatmentsWe thenusedaconditional
Coxrecurrentevent,gaptime model[31] to comparethe associationbetweertreatmentsand
risk of recurrenceThe Coxmodelallowedusto estimatehazardratios (HR) for relativerisk of
recurrencebetweertreatmentshy characterizindhowthe hazardfunction (H) changechsa
function of survivaltime and subjectcovariatesS(f)= ™% wheret is studytime (the
period of observatioror follow-up periodafterinclusionin studyuntil endof the calendar
year),x is acovariatevedescribebelow,andf is the parameteestimateof x.

Thestratified conditional Coxmodelaccountsor risk of recurrencefor thei™ depreda-
tion eventbeinginfluencedby the occurrenceof aprevious(i-1)"" depredationeventandthe
treatmentfollowingit, sothat eachsubjectisincludedin therisk set(the numberof subjects
experiencingadepredatiorevent)for thei™ depredatioreventonly if it experiencedhe
(i-1)™ depredatiorevent.For examplejn our section-scalanalysis31subjectexperienced
first recurrentdepredatiorevent wheread 20did not experiencanyrecurrencgStratuml,
TablesB& Cin S1File).

ThestratifiedCoxmodelconsidersonly thosesubjectsexperiencinghatfirst recurrent
depredatioreventin the secondstratum(Stratum2,n = 31;TableA in S1File),repeatinghe
procesdgor subsequenstratauntil endof the calendaryear.The stratifiedCoxmodelallowed
usto estimategeneratreatmenteffectavhile accountingfor eventorderandthetreatment
appliedto the previousevent.

Weran univariateand multivariateconditional Cox modelsat eachspatialscaleUnivariate
modelsincludedonly our responsevariable(delayto recurrencelcomparingour two treat-
ments,whereasnultivariatemodelsincorporatedcalendaryear.Including calendaryearwas
essentiabecaus¢he graywolf wasdown-listedto threatenedn Michiganon April 1,2003,
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andsubsequentlywentthrough 12 or morereclassificationand permitissuancethat pre-
cludedor allowedwolf-killing by the state([34], and Tablel]) asthe protectionafforded
wolveswasreducedor increased.

Giventhattreatmenteffectcould changeovertime aswolveslivestock people andecosys-
temsmight changewith environmentalconditions,wealsoran multivariatemodelsincorpo-
rating atime-varyingcovariatg(tvc) for treatmentg31]. Our tvc consistof aninteractionof
treatmentwith studytime. Theuseof atvcis stronglyrecommendedor evaluatingandhan-
dling non-proportionalhazardgPH), givenPH is anunderlyingassumptiorof survival
modelling[31]. A non-proportionalhazardoccurswhenthetreatmenteffectchangesver
time (insteadof remainingconstant)relativeto the pseudo-controlsothatthe hazardratio for
thetreatmentchange®vertime. Hencejf the parametelestimateor thetvc werefoundto be
significant,the conditional Coxmodelwith tvc would be morerobustandreliablethan with-
outthetvcbecausé correctedfor non-proportionalhazardsn our treatmentsWhenthetvc
is not significant,its inclusionin the modelis not warranted.

Authoritieson stratifiedCox modelsalsoexpresgoncernsaboutstronginferencedepend-
ing on therisk setperstratum[31, 35]. Thelatterauthorsdid not settleon aparticularnumber
observationpertreatmentper stratum;howeverthe Coxmodelsdependon ameasuref var-
iability within-stratato detectdeviationsrom chanceifferencedetweertreatmentsthere-
foreweexcludedstratawith <10depredatioreventsor which lackedeventsor both
treatmentsThis conservativatepleft uswith 3 strataatthe sectionscalel stratumatthe
townshipscaleand?2 strataatthe neighborhoodscale¢S1File). Thus,our final sampleatthe
sectionscaleconsistedf 151subjectgindependensection-yearsyith 199depredation
eventsjncluding 56 recurrentdepredationeventsthe final sampleatthe townshipscalecon-
sistedof 125subjectsvith 125depredationeventsjncluding 24 recurrentdepredatiorevents;
andthefinal sampleatthe neighborhoodscaleconsistof 106subjectsvith 125depredation
eventsincluding 25recurrentdepredationeventg S1File).

We assessédithe robustnessf modelsto within-subjectcorrelationby running avariantof
arandom-effectapproactcalledfrailty models([35]; S2File).If high-riskandlow-risk farms
existdueto factorsextrinsicto treatmentsyearspr the tvc, thensubjectidentity should
inform gaptime models[17, 36]. Frailty modelsassesthe goodnessf fit of thetreatmentvari-
ableby including randomeffectsof subjectdentity [35], whichis consideredisefulwhen
recurrencdime might beinfluencedby unmeasuredactors[31, 37].

We alsobuilt modelswith subset®f the datato evaluatgotentialconfoundingeffectsand
robustnes®f the primary modelsdescribedabove We built amodelwith data’post-2003',
afterlethalmanagementvasepisodicallypermitted,and by reclassifyindethalmanagement
with zerowolveskilled as’lethal'becauséheinfrastructureandattendanthumaninfluences
would bethe samewhenevetrapswerelaid regardles# wolveswerelive-trappedandkilled.
Wereferto thelattercondition as'trapsplaced’' We presenialternativemodelsin supporting
information (S2+S#iles).

Finally,weusedSpearmamank correlations(rg) to correlatedelayto recurrencewith num-
berof wolveskilled for lethaltreatmentsonly andfor “trapsplaced' We conductedall analyses
in Statal4 (StataCorpCollegeStation,TX, 2015protocolDOI: 10.17504/protoals.io.
j2rcqde).

Results

Betweerl998and May 2014therewere199depredationsn Michiganwith asmanymanage-
mentinterventions.Of the 199,31 resultedin lethalintervention(16%)and 168resultedn
non-lethalintervention (84%)(Fig 1).
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Table 2. General and stratified log-rank (x?) 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 (x2) 0.27 1.44 0.08
p-val 0.603 0.23 0.772
Stratified Log-rank test (x2) 0.48 - 0.28
p-val 0.488 - 0.593

https://da.org/10.1371durnal.pon®189729.t002

Section scale

Logranktestscould not distinguishthe survivalfunctionsbetweertreatmentqdf = 1, general
survivalfunctionstest:y®> = 0.27 P = 0.604 stratified[by order of depredatioreventsor sub-
jects]test:y?= 0.48 P = 0.488:Table2). All univariate(treatmentonly) and multivariate(treat-
mentand calendar-yearCoxmodelssuggesthat lethalinterventionwasassociatewith a
non-significantreductionin risk of recurrencevhencomparedo non-lethalintervention
(Table3). Thesection-scalenodelsincluding atime-varyingcovariatg(tvc) werenot signifi-
cant,sothe PH assumptiorwasnot violated(tvc P>0.05) The multivariatemodelincluding
treatmentandyearsuggestiethalinterventiononly weaklyreducedrisk of recurrenceslow-
ing recurrence)y 27% but thatwasnot astatisticallysignificantdifference(HR = 0.73,

P =0.326;Table3). Thismodelalsorevealedinincreasingisk of recurrencghasteningecur-
rence)by 9%eachcalendar-yeafHR = 1.09 P = 0.022) L ethalinterventionwasnot signifi-
cantlydifferentfrom non-lethalinterventionin our frailty model(HR = 0.48,P=0.158;
TableA in S2File),with the modelsuggestingignificantfrailty (omitted or unobserved

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://da.org/10.137 1§urnal.pon€189729.t003
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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://da.org/10.1371durnal.pon®189729.t004

covariatesjemainingin the model(P = 0.006) For thosedepredatioreventsollowedby
lethalintervention,wefound no correlationbetweerdelayto recurrenceandthe numberof
wolveskilled (Spearman’sho = 0.107 P = 0.559,Table4; ‘trapsplaced'Spearman's
rho=0.076 P =0.657TableCin S3File).

Township scale

Our datasetonsistef 125depredations26followedby lethalintervention (21%)and 99fol-
lowedby non-lethalintervention(79%).Logrank testscould not distinguishthe survivalfunctions
betweertreatmentg(df = 1,generatest;®> = 1.44,P = 0.23:Table?). Likewiseall Coxmodels
revealedho significantdifferencesetweertreatmentq Table3). Thetownship-scalenodels
including atvc weresignificant,suggestinghe PH assumptiorwasviolated(tvc P<0.05)Hence,
wefocusour analysi©on the modelincluding the tvc. Lethalinterventionincreasedisk (hastening
recurrence)by 22% but this wasnot statisticallysignificant(treatmentHR = 1.78P = 0.458) How-
ever our tvc,which accountdor non-proportionalhazardshints ataminimal (3%)reductionin
risk overfollow-up time (tvc HR = 0.97 P = 0.001) Calendar-yeawasnot significant(HR = 1.05,
P =0.281)Differencedhetweerreatmentsverenot significantin our frailty model(HR = 0.45,
P=0.242;TableA in S2File).Forthoseeventdollowedby lethalintervention,wefound no corre-
lation betweerdelayto recurrenceandthe numberof wolveskilled (Spearman'sho = 0.212,
P=0.299Table4; trapsplaced'Spearman'sho = 0.233P = 0.224TableC in S3File).

Neighborhood scale

Our datasetonsistedf 125depredations26followedby lethalintervention (21%)and 99fol-
lowedby non-lethalintervention(79%).Again,log rank testscould not distinguishsurvival
functionsbetweertreatmentggeneratest:y” = 0.08,P = 0.7725stratifiedtest:y®> = 0.28,
P =0.594) Similarly,all Coxmodelsrevealedo differencedetweertreatmentyTable2).
Theneighborhood-scalmodelsincluding atvc werenot significant,sothe PH assumption
wasnot violated(tvc P>0.05) Lethalinterventiononly weaklyreducedtherisk of recurrence
(slowingrecurrence)py 28%but this differencewasnot significant(treatmentHR = 0.72,
P =0.486;Table3). We found a statisticallysignificantincreasen risk of recurrenceghastening
recurrencepf 14%everycalendar-yeafHR = 1.14,P = 0.024) Thefrailty modelshowedo
significantdifferencedetweertreatmentyHR = 0.80,P = 0.67;TableA in S2File).
Forthoseeventdollowedby lethalintervention,wefound no evidenceof acorrelation
betweertime to recurrenceandthe numberof wolveskilled (Spearman’sho = 0.295,
P=0.135,Table4; trapsplaced"Spearman'sho = 0.161P = 0.395TableC in S3File).
For all spatialscalesall effectof treatmentremainedconsistenfor the “trapsplaced'condi-
tion, whenlimiting the datato post-2003iepredatiorevents;, skip-a-yeartiataseandwhen
removingaspeciacasgS2+S#iles).

Discussion

We retrospectivelyevaluatedvhetherlethalinterventionsby the Stateof Michiganin response
to wolf predationon domesticanimals(depredationspetweer1998+2014esultedn lower
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risk of recurrenceof depredationghanif no wolveswerekilled. We found the delayto recur-
renceof depredationsvasunrelatedto the numberof wolveskilled atall spatialscaleswe
found lethalmanagemendlid not significantlyshortenor lengthenthe intervalto the next
depredatiorrelativeto non-lethalinterventions A small,statisticallyinsignificantreductionin
therisk of depredatioratthe sectionlevelwasoffsetby a similar and alsostatisticallyinsignifi-
cantincreasen therisk of depredatioratthetownshipscalewhichis abouthalfthe sizeof a
wolf packterritory, andthenasimilar decreasén risk atthe scaleof neighborhood®f town-
shipswhicharefour timeslargerthanthe averagevolf packterritory [30]. None of thesedif-
ferencesverestatisticallysignificantusinga batteryof tests.

Our methodsor alternativemodelsaccountedor potentialviolationsof the proportional
hazardsassumptionunlike aprior studyof wolvesin the Northern RockyMountains(see
below);accountedor within-subjectcorrelation;wereunaffectedvhenwerestrictedanalysis
to the period after2003whenlethalinterventionsfirst becamdegal;andaccountedor a
changen definition of lethalmethodsto includethe installationof lethalmethodsthat did not
kill anywolves(S3File). Thereis evidencdor the effectof lethalinterventionchangingslightly
overthe courseof asinglecalendaryearat the townshipscalethroughaminimal reductionin
risk overfollow-up time. We alsodetectedsariationbetweerindividual farmsin their time to
recurrenceof depredationsGiventhe apparentnetineffectivenessf lethalinterventionand
theuncertaintyaboutpotentialbiasesn aretrospectivanalysiof sparselydlocumentedyov-
ernmentinterventions werecommendethical,gold-standardrandom-assignmenrgxperi-
mentsbeusedbeforefurther lethalmanagemenis authorizedto preventdepredations.

Overall,our analysisuggestthat any potentialbeneficiakeffectf lethalinterventions
locallywould be offsetby detrimentaleffectdor neighboringfarmsin the sametownship.If
the small,localimprovementsvereconsiderediologically ethically,or economicallympor-
tantto onefarm, thenonewould alsochaveto admit the associatedoststo neighboringfarms
andthebiologicalethicaland economicmportanceto thatfarm. Therefore giventhe evi-
denceavailableyecannotconcludethatlethalmanagemenhadthe desiredeffectof prevent-
ing future livestocklosses.

Overthe 17yearsof our study,therisk of depredatiorincreasedy 9 and 14%peryearat
thesectionandneighborhoodsmallesandlargest)scalesiespectivelyin our main dataset.
However this effectof yearis insignificantin our post-2003iatase{S4File).In additionto
changesn wolf densitiedocallythat mayhaveoccurred theremayalsohavebeenchangesn
proportion of pasturepreydensity land cover farm size road density,amongothervariables
that predictdepredationatlocalscale$17, 38]. Also,prior work indicatedsmallerpackswere
moreoftenimplicatedin livestockdepredationghan largerpackg23]. Thereforethe notion
that higherdensitiesof wolvedocallywill resultin more depredationss not well supportedas
opposedo theideathatarecolonizingpopulationencountersnore livestockasaresultof
recolonizingmore and more of their historicrangeovertime.

We presentour resultsguardedlyratherthan asadefinitive conclusionabouteffectiveness
becausef insurmountableuncertaintiesaboutthe governmenidata.Retrospectivanalyse$o
evaluatehe effectivenessf interventionsto preventpredationon livestockarefraughtwith
uncertaintybecausef variousbiase®r challengepresentedy field conditions[2]. For
exampletreatmentsverenot assignedandomlyandchangingconditionsovertime locally
werenot documentedTheunintentionalerror mayhavebeenrandombut weareunableto
rule out systemati@rror (bias),whetherintentional or unintentional. Thegovernmentataset
weanalyzechadundocumentedrariabilityin datacollectionandintervention,including pos-
siblesystematiselectiorbiasaffectingwhich areageceivedvhichinterventions.

Selectior(or enroliment)biaswould ariseif subjectenteredthe studyundervaryingcon-
ditions that affectecoutcomesAll sectioncontainingfarms(subjectskenteredour study
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becausef averifieddepredationput subjectenteredat differenttimesandsomefarm owners
might haverespondedo depredationsn undocumentedvaysincluding poachingwolves.
Likewise attrition biaswould ariseif subjectdeft the studyfor reasonghatwerenot random
with respecto their outcomesThiswould occursystematicallif asubsebf theinterventions
ledfarmersnot to complainin the future despitefacingdepredationsor to takemattersinto
their own hands asabove Compensatiorwasofferedthroughoutthe studyaswell asstate-
financednon-lethaldeterrencevhenlethalinterventionwasunavailablesoattrition by with-
holding complaintsseemainlikely to havebeenfrequentor widespreadHowever wewould
guesshat non-interventionmight be construedasunhelpfulby complainantsleadingsomeof
themto interveneindependentlyWe considerunreportedwolf-killings to beamore pro-
nouncedconfoundingvariableafter2003 whenstatelethalmanagemenivasallowed(Tablel),
substantiatedby arecentinferencethat allowingstatekilling of wolvesseemgo havepotentially
increasegoachingof MichiganandWisconsinwolved34]. By definition, poachingcanonly
confoundtestsof non-lethaldeterrencédecaus@oachingfollowing lethalinterventionwould
only increasehe numberof wolveskilled (undetectablyn our context),but not changehe
natureof that lethalintervention.We do not seehow poachingcould confoundthe apparent
reversabf effectof lethalcontrol acrosour threegeographiscale®f analysis.

Furthermore treatmentbiaswould ariseif methodsof interventionwerenot standardized.
Treatmentbiascertainlyaroseamongnon-lethaldeterrentdbecauselifferentcomplainants
receivedifferenttypesof non-lethalmethodsandwedo not know if theymaintainedor
installedthe methodsappropriatelyor identically.Non-lethaldeterrentsverepresumablynego-
tiatedwith complainantsandthereforemostproneto treatmentbiasthat would confoundour
results However,only 8%of our eventuakamplereceivechon-lethaldeterrentsMoreover,we
haveno dataon otherdeterrentsor precautionsunilaterallyimplementedoy complainants.
Lethalinterventionsweremoreuniform in method[20] but wedid not receiveprecisedetailed
information on implementation(numberof trap-nights,exactocations gtc.).Moreover jf
lethalinterventionswerespatiallysegregatetfom othertypesof interventions thenselection
biasmight haveappliedsystematicallpecauséarmsperceivedo behigher-riskmight have
receivedethalinterventionspreferentiallyand alsobe expectedo haverecurrentdepredations.
Thismight haveresultedn significant,between-subjeatariability. Suchabiaswould not
explainthe spill-overeffectwe detectedintermittent authority for lethalinterventionledto the
samespatialunits receivingall typesof intervention(S1 Data File). Giventhatauthority for the
stateto kill wolvesafterverifieddepredationsvasgrantedor withheld by federaldecisionsinre-
latedto areaattributesor recentdepredationcomplaintsandin severalearsof the studyeven
high-riskareageceivecho interventions[16], it seemainlikely thatlethalcontrol authority for
Michigancoincidedwith risky yearsTherefore anytreatmentbias(interveninglethallyat sites
thatwereinherentlymorelikely to haverecurrenceof depredation)wvould haveto occuratthe
spatiotemporascaleof individual farmswithin yearsWe addressewvithin-subjectvariability
usingafrailty model(S2File),which revealedhe presencef confoundingeffectsat the section
level but thetreatmenteffectremainedstatisticallyinsignificant.

Finally,wolf abundancevasunlikely to confoundour testsbecaus¢éhe numberof wolves
within our spatialunits wasunlikely to changesubstantiallyfrom oneincidentto the next
within asmallareawithin oneyear.

In sum,wefind amplereasornto expecttonfoundingvariablesvould weakennference
from aretrospectiveguasi-experimetal testof interventionsto preventlivestockioss.Our
attemptsto detectandscreerfor biasesverenecessarilymperfectbecauseve couldnot assign
treatmentgandomlynor couldweretrospectivelyassess interventionswereassignedhap-
hazardlyor subjectivelyOur analysesontrolledfor variationin risk dueto time andinter-
farm differencesusingtvc andfrailty models(S2File), but could not ultimately control for
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transientchangesn risk associatewith wolvespeople or otherwildlife. Moreover,wewere
not ableto accountfor illegalwolf-killing that might haveaddedto treatmentbiasaffecting
non-lethalinterventions.

Neverthelesghereis valuein the scientificexaminationof on-the-groundprogramsof
predatormanagemenéastheyareactuallycarriedout by the organizationghat discharge
them.Avoidanceof selectiontreatmentor measuremenbiasesvould requireenforcemenof
strict protocolsthat arerareworldwide[2, 39+41].In additionto understandinghowthe
strongestnferencearisedrom gold-standarcexperimentswvithout bias,wildlife managers
havearesponsibilityto continuallyevaluateheir particularactionsand policiesto ascertainf
theyareeffectiveataccomplishinghe goalssetby the broadessociety andto remedyor ter-
minatethemif theyarefound to beineffective asevidence-basegolicy-makingdemands.

An exampleof agold-standardiesignthat might achievestronginferencewould beran-
dom-assignmenof treatmentto different,largeareaqe.qg. 324km?) with uniform treatments,
in which measuremenis unbiasedy blinding or independentthird party monitors,anddata
analysiss conductedby independentthird-party analystsithout financialconflictsof inter-
estinvolving the governmenbr livestockindustry. However,suchanexperimentwould have
to addresghe ethicalimplicationsfor both animalsand peopleof removingwild animals pos-
siblyexposingnorelivestockto spill-overeffectsandthe broadpublicinterestin preserving
bothwildlife andlivelihoods.A stepin thatdirection,albeitimperfect,maybeto temporarily
relocatepredatorso captivityuntil the analysigperiodendedin eacharea.

If our resultsaresupportedby agold-standardexperimentwe proposea hypothesigor
two long-standingophenomenabouthumanperceptionf conflictswith predatorsandthe
perceivedeffectivenessf interventions We observehatkilling predatorss widely perceived
to beeffective(e.g.in our region:[42,43], yetafterwardgealand perceivedisksappearto
increasd44]. Thespill-overeffectmayberesponsibleOur hypothesisduildson the ideafirst
articulatedby Haber[45] thatkilling wolvescantrigger packdisruption which might leadto
morelivestockpredationthan doneby intact packsIf our inferenceaboutspill-overeffectds
confirmed,thenwehypothesizéhatthe perceived:ffectivenessf lethalmethodsstemsrom
afewlivestockownerswhoreport preventivebenefitswhile neighboringlivestockowners
reportincreasingossedecausef the spill-overeffectfrom the former farms.Theadverse
effectofkilling wolvesasaresponsédo depredationsnight therebybe obscuredoy anecdotal
accountsandmisperceptions.

Our resultsappearto contradictthoseof the[4] in the Northern RockyMountains(NRM)
for the period 1989+201 2Although[4] conductedsimilar survivalanalysegheyfound lethal
methodssignificantlyreducedtherisk of recurrenceandthatkilling anentirewolf packwas
more effectivethanthekilling of asubsebf membersf apack.Theyreportedonly amarginal
differencebetweerpartial packremovaland no removalif wolveswerekilled within thefirst 7
daysfollowing adepredationeventandno differencef 14 dayselapsedMostlethalinterven-
tionsin Michiganwereprobablypartial packremovalgymedianwolveskilled = 1,S1 Data
File) soour resultsareconsistentHowever otherdifferencesn resultsbetweertheir study
andourscouldbedueto differentsitesandmethods.

Theanalysisn [4] includedmorevariedmethodsof lethalinterventionandthelandscapes
differ (theirsbeingmountainousandwider while Michigan'sis flatter and surroundedby
wateron threesideswith attendantdifferencesn vegetationlakeeffectshumanpopulation
density wolf migration, livestockhusbandrypracticesetc.).In addition, the survivalanalyses
employedby [4] differedfrom oursin waysthatwe could not resolvedespiteseveraemail
exchangewith theleadauthorandthe analystco-author.

First,[4] did not accountfor treatmenteffectsbeyonda singlespatialscalgseeBox1).
Their analysisvasrestrictedto the affectedwolf packterritory, despitetheir own reportsthat
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killing wolveshadattimesscatteredurvivingpackmembersbeyondtheir original territory
[10,13,46]. This previousresearclwould arguefor ananalysighat examinedheighboring
areagotentiallyaffectedoy spill-overfrom scatteredurvivors.

Secondapparentshortcomingf the statisticainodelingin [4] mayhaveaffectedts
results.Their measuref delayto recurrenceor full packremovalsspanghetime from death
of thelastpackmemberto thetime whena newpackattackedivestockin the sameterritory.
This measurenf delayto nextdepredatiorartificially inflateseffectiveneskecausé incorpo-
ratesa potentiallylong timespanbeforeanewpackestablishesyhich probablyincludesmany
time-consumingeventaunrelatedto theintervention(e.g.jmmigration, breeding) By con-
trast,our methodcensoredbservationsit the end of eachyear,sosubjectaverecomparedon
amore-equafooting afterintervention.For partialremovalandno removalinterventionsin
[4], theterritory wasstill occupiedby wolvessodelaysprobablydid not includeasmanytime-
consumingdemographieventgif any).Althoughweunderstandhattheir intent wasto ana-
lyzeif depredationsouldbedelayedor longerbykilling entirewolf packswewould argue
thatthe appropriatecontrol for the evaluationof thisinterventionwould besiteswith suitable
wolf habitatbut without an establishegackbecausef eventaunrelatedto killing wolvessuch
asrecolonizationof vacanthabitat.

Usingabiomedicalanalogy[4] identified the hospitalbed(the packterritory) asthe subject
ratherthanthe patient(the wolf pack),regardles# the wolf packis the sameor if it diesandis
replacedy anewpack.Researchemontinuedmeasuringhe delayto the nextinfection
(depredation)n thatbedovertime, without correctingfor the delayto arrival of anewpatient
to thatbedif apreviouspatientdies.Thedelayto the nextinfection onceapatientdiesis con-
tingenton the arrival of anewpatientto thatemptybed,which haslittle to do with theinter-
ventionimplementedo the bedotherthan makingit availabldor anewpatient(with full
packremoval).By contrast,in our studythe patient(area)is the only patient,eachinfection
receivestreatmentanddelayto nextinfectionis alwaysneasuredor the samepatientwith a
reseteachyear.

Third, differenceswith [4] couldalsopotentiallyarisefrom differenthandlingof the pro-
portional hazard§PH) assumptionWe evaluatedhe complianceof our modelswith the PH
assumptiorthroughtheinclusionof atime-varyingcovariatetvc) [31]. A significanttvc
affectsoth our treatmenthazardratiosandtheir significance(e.g.,Table3). Weassume
that[4]'s teamemployedothermodeldiagnosticgo evaluateheir compliancewith the PH
assumptionput theydid not report suchdiagnostidestsUntil the summarydataarepub-
lished ,wecannotagreewith the conclusionsn [4].

Finally,somemight arguethat by definingour subjectsasarea-yearandincluding the
sameareaoverdifferentyearswve pseudo-replicatedon-independensamplesln our dataset,
only 16 out of 106sectionshaddepredationincidentsin multiple yearsTo addresghat con-
cern,webuilt analternativemodelin which areasvereomittedin succeedingeargS5File).
Resultdor this datasetreconsistenivith our main resultsat the sectionscalgS5File).

Conclusions

Lethalinterventionsby the Stateof Michiganagainstwolvesin thevicinities of verifiedlive-
stocklosseslid not appeato reducefuture losseswWe viewour findingsaspreliminary
pendingexperimentswith strongerinference Our inferencesould not overcomealackof
systematiénformation on governmentnterventionsandno effortto control for their treat-
ments,despitea callfor suchshortly afterthe legalizatiorof lethalremovalof wolvesin 2003
[47]. We detecteda potentialspill-overof depredationgrom the farm receivinglethalinter-
ventiononto neighboringfarms.Giventhis evidencdor interactionsin depredation®ver
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significantareasye mustlook with skepticisnmupon anypreviousor future resultswhichana-
lyzethe functionaleffectivenessf lethalcontrol but do not takethesespatialrelationshipsnto
accountFurther,giventhe severeethicalissuesnvolvedin implementingharmful or lethal
interventions the lackof effectivenessf thesenterventionsarguedor their curtailingin favor
of non-lethalalternativeshat areeffectiveln the Stateof Michigan,thereis strongscientific
evidencd?] for the effectivenessf atleasttwo non-lethalmethods(fladry andlivestock
guardingdogs;7+8).No peer-reviewedcientificstudyhasevershownlethalmethodsto be
effectivan Michigan.Indeed,our reviewof [4] abovesuggestao studyin the USAhasyet
provenwith stronginferencethatkilling wolveds effectivan preventingfuture livestocklosses
[2,391£41] Althoughit mayseenpbviousthatkilling apredatorwhosgawsareaboutto lock
on acalfshouldprotectthe calf,governmentethalmethodsarenot implementedn thatway.
Virtually all areindirect methodssuchastrapsplacedfar from the depredatiorsiteandlong
afteracalfiskilled. Thereforerigorousscientificevaluationsreanecessargrerequisite
beforeimplementinganintervention,especiallgiventhe ethicalandlegalobligationsto bal-
anceprotectionof livestockandwild animalsfor the broadpublicinterest.The USEndan-
geredSpecieé\ct mandateshe useof the@bestscientificand commercialdataavailabletvhen
makingconservatiorand managementlecisionfor listedspecies.

Followingrecommendationgor ethicalwildlife managemenf48,49], lethalmanagement
shouldbediscontinuedascurrentlythe harmit causesvolvesandlivestockis not offsetby
benefitslf lethalmethodsarestill necessarin somesituations[48,49],theseshouldbecon-
stantlymonitoredandevaluatedy independenthird partiesto measureheir effectivenessr
lackthereof{48].
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