Adapted conservation measures are required to
save the Iberian lynx in a changing climate
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The Iberian lynx (Lynx pardinus) has suffered severe population
declines in the twentieth century and is now on the brink of
extinction’. Climate change could further threaten the survival
of the species?, but its forecast effects are being neglected
in recovery plans®*. Quantitative estimates of extinction risk
under climate change have so far mostly relied on inferences
from correlative projections of species' habitat shifts®. Here
we use ecological niche models coupled to metapopulation
simulations with source-sink dynamics®’ to directly investi-
gate the combined effects of climate change, prey availabil-
ity and management intervention on the persistence of the
Iberian lynx. Our approach is unique in that it explicitly models
dynamic bi-trophic species interactions in a climate change
setting. We show that anticipated climate change will rapidly
and severely decrease lynx abundance and probably lead to
its extinction in the wild within 50 years, even with strong
global efforts to mitigate greenhouse gas emissions. In stark
contrast, we also show that a carefully planned reintroduction
programme, accounting for the effects of climate change, prey
abundance and habitat connectivity, could avert extinction of
the lynx this century. Our results demonstrate, for the first
time, why considering prey availability, climate change and
their interaction in models is important when designing policies
to prevent future biodiversity loss.

TheIberianlynxisthe world’smostendangered cat. Its
rangecontractedfrom40,600km  ? inthel950stol,200 km 2 in
20058 Recentountestimateonly5dberiadynxirthewild 4
Thismajordeclineisassociatedcloselywithsharpreductions
inEuropeanrabbit(Oryctolaguscuniculus)abundance
bymyxomatosisvirusinthel 950sand,morerecently,rabbit
haemorrhagicdisease ° (RHD).Over-huntingofrabbitsandthe
modificatiomndragmentatiorofitanixedgrasslancandorest
habitathasexacerbatedtheproblemsofpreyscarcity,because
rabbitaccounfomor¢harB0%ofberialynxonsumption
Non-naturalnortalitppfberiadynxsuchagrappingpoaching
androadkillshavefurtherreducedynxpopulationnumbers
Onlytwolberianlynxpopulationspersistinthewildatpresent
comparedvitiingrthd 990s L

Exsitu captivebreeding programmeshavebeenlaunched
to facilitate the reintroduction of a genetically diverse pool
of Iberian lynx into suitable areas within their historical
range'?.Simultaneously, managementeffortisbeingdirected
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towardsincreasingthecarryingcapacityofreintroductionsites
throughhabitatrestorationyelocating-abbitandimitinglirect
anthropogenic-relatedatalities *'*Althoughwell-financecffort
toaverttheextinctionofthischarismaticspeciesisunderway
(> €94milliorfundingincd 994) “non-accountedhreatssuch
as climate change and its influence on prey abundance, are not being
consideredirecoveryplans.

Herewe provide the most comprehensive analysis of the
likelyeffectsofclimatechangeyetforathreatenedvertebrate.
So far, models used to investigate how climate change will
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Figure 1| Forecast lynx abundance in the Iberian Peninsula from 2015 to
2090 under three climate change scenarios. Scenarios are: no climate
change—where temperature and precipitation remains unchanged from the
year 2000; high CO, concentration Reference scenario (WRE750); and an
alternative low CO; concentration Policy scenario that assumes strong
mitigation of greenhouse gas emissions (LEV1). The solid lines show mean
estimates for each scenario. Band widths represent 5th and 95th
percentiles of population size derived from a stochastic metapopulation
model with spatial habitat dynamics. Model variation characterizes
demographic stochasticity, which is only one component of model
uncertainty (see Supplementary Methods).
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Table 1| Extinction risk for the endangered Iberian lynx in the
twenty-first century according to different climate and
conservation scenarios.

Median time
to extinction

EMA Probability of
extinction

Climate
scenario

Conservation
scenario

No extra manag. No change 58 12 —

Policy 0 100 2051
Reference 0O 100 2054
Extra manag. Policy 3 89 2066
Reference 3 86 2065
Geopolitical Policy 52 2 —
Reference 52 4 —
Peninsula-wide  Policy 68 0 —
Reference 78 1 —

Climate scenarios are a ‘No change scenario’ where temperature and precipitation remains
unchanged from the year 2000, a stabilizing Policy scenario that assumes substantive mitigation
of greenhouse gas emissions and a high CO, concentration Reference scenario. Conservation
scenarios are: no additional management intervention beyond what is occurring in Dofiana and
Sierra Morena (No extra manag.); an increase in active population management in potentially
suitable habitat patches across the Iberian peninsula (Extra manag.); moving animals with
an underlying aim to establish viable lynx breeding populations in every autonomous region
within its recent historical range (Geopolitical); moving animals to areas of most favourable
habitat across the entire Iberian peninsula (Peninsula-wide). Extinction risk during this century
is measured using expected minimum abundance (EMA), probability (%) of total population
size declining to zero (Probability of extinction) and median time to extinction (Median time
to extinction).

affectbiodiversityatbroadergeographicalscaleshavefailedto
accountexplicitlyfoxdynamideedbackofpeciesnteractions
Weaddressthiskeylimitationusingcoupledecologicalniche—
populationmodelswithsource—sinkdynamics 67 simulatingthe
stochastic demographic responses of Iberian lynx to: spatial patterns
ofrabbitabundanceconditionedbydisease,climateandland-
usevariation;andchangesinclimatesuitabilityandlandscape
modification.Weconsidertheinteractionbetweenrabbitsand
Iberianlynxasunidirectional becauselynxareextremelyrare,
whereagabbitarabundantinchavegreatethar3Overtebrate
predators, manyf thenwidely distributednd locallgbundant
Rare efforts to account for species interactions in climate—ecological
forecastshave used overly simple approaches; by addingan
interacting species as an additionalpredictor in a correlative model,
ombyrestrictingthedistributionofonespeciestothemodelled
distributiomthether  '*Herevalirectlipccounfoimportant
per capita effects of rabbit abundance on the population growth rate
of Iberian lynx in a climate change setting.
Weshowthatclimatechangeispredictedtohavearapid
andseveranegativdnfluenceonberiarlynsabundance Figl ),
exceedingitsabilitytoadaptordispersetomoreclimatically
favourableregionswherepreydensitiesaresufficienttosupport
viablepopulations. Weestimatetimetoextinctiontobeless
than0years Tabld ) everwithrapidanddeepglobakutso
anthropogenic greenhouse gas emissions (for instance, stabilization
atrequivalenCO  , concentratiof50 ppr{MiniCAMLEV 1;
refl7))Wdorecasthapopulatiordeclinavilbccunslightly
fasterrateunderastrongmitigationemissionPolicyscenario
(Figl )causingslightlhortemediartiméecextinctior{2051
comparedto2054undertheReferencescenario;Tabld ). This
apparentlycounter-intuitiveresultisbecausecoal-firedpower
stationsalsoproduceatmosphericaerosolsthatsuppressglobal
temperatureshroughlimming '"®Replacingoatombustiorwith
cleanerenergyalternativesresultsinconditionsthatareinitially
moreadverse(warmeranddrierbefore2050)forIberianlynx
andrabbituindetthéPolicyscenariccomparedwithehigh-CO 2
concentration Reference scenario (WRE750; ref. 19).
Intryingaavertextinctiondnthewildmanagershavdong
consideredtheusecofiuman-assistedcolonizationofindividuals
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Figure 2 | The effect of management intervention on the persistence of
Iberian lynx. a,b, Forecast lynx abundance (a) and number of populations
(b) in the Iberian Peninsula from 2015 to 2090 according to three possible
management options. Forecasts are for a Policy climate scenario that
assumes strong mitigation of greenhouse gas emissions (LEV1). The
interventions are: present-day conservation practices, including increasing
prey (lagomorph) densities, habitat alteration, preventing disease and
non-natural mortality (Present); reintroducing captive-bred lynx to
unoccupied habitat according to a Geopolitical scheme that favours
establishing lynx populations in every autonomous region in Spain
(Andalucia, Castilla-La Mancha, Comunidad Valenciana, Extremadura and
Murcia), plus Portugal as an additional region, within its recent historical
range (Geopolitical); and a strategy focused on releasing animals into the
best-quality habitat regardless of region (Peninsula-wide). The solid lines
show mean estimates for each scenario. Band widths represent 5th and
95th percentiles, and characterize variation due to demographic
stochasticity. They do not include error propagating from uncertainties in
demographic parameters or forecasts of climate suitability (see
Supplementary Methods).

tomoresuitablehabitat  ?°.However,asaclimateadaptation
strategy for Iberian lynx, such action hasbeen criticized as
inadequateifimportant factorsrelating to prey and habitat
availability are ignored?'. To avoid this simplification, we simulated
areintroductionschemethataccountedsimultaneouslyforthe
velocity,extentandnonlinearitiesinratesofclimate-induced
changérhabitagualitpndheonnectivityprepvailabilitpnd
physiologicakonditionimportantdberiaynxWehowthat
ayearlyreleaseofsixanimals(agedbetweenlanddyears)of
eachsexintchabitatpatchesankedaccordingcacombination
ofarryingapacityinitiapopulatiomizeconnectivitpndatef
survivahndecunditywouldverthdikelextinctiomfberian
lynxthixenturyFig2andl'abldandSupplementaryFigS1).
This reintroduction number is lower than that considered under the
Iberian lynx reintroduction plan (release of 20—40 animals per year)
and would not jeopardize the persistence of the breeding population
(seSupplementarpMethods).
Incontrastweshowthatimplementingpresent-dayconser-
vationpractices(increasingpreydensitieshabitatmanagement,
preventingliseasanchon-naturalnortality L htregionalevel
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Figure 3 | Forecast location of lynx populations in the Iberian Peninsula in 2090. Occupied habitats are shown for the Peninsula-wide and Geopolitical
reintroduction scenarios and two climate change scenarios: a high-CO, concentration stabilizing Reference scenario (WRE750) and an alternative Policy
scenario that assumes strong mitigation (LEV1). Maps capture lynx demographic responses to spatial patterns of rabbit abundance (conditioned by
disease, climate and environmental variation) and changes in climate suitability and landscape modification. Only grid cells where lynx were present in
90% of stochastic iterations of the demographic model were treated as populated. See Supplementary Information and Methods for further details.

wouldnlgerveaalelaynediartimecextinctiorby
irrespectiveoflimatepolicy(Tabld ) Thissprimarilybecause
extensiveclearinganddestructionofnaturahabitatdyhumans
hadisruptedprocessesthatunderpinlberianlynxdispersahnd
establishment. We predict that >40 discrete areas of suitable habitat
wouldbeavailabldompotentiakolonizationin2050 putinthe
absenceofmanagedreintroductionsmosiofhesewouldremain
unoccupiedbecauseoflimitedconnectivitycausedbyhuman
modificatiomthdandscape.

Policymakersare considering thefeasibility of establishing
viableIberianlynxbreedingpopulationsineveryautonomous
regiorwithirityecenhistoricalange 2Wehowhoweverthat

<15years,

constrainingeintroductiongoonlythossuitablgatchesvithin
theecenhistoricatangofberiadynx SupplementaryigS2),
andpreadingnimalevenlyacrosautonomousegionising
Geopoliticakeintroductiorstrategyyesultinfewedberianlynx

living in fewer populations in the future compared with a Peninsula-
wideeintroductionstrategywherebpnimalareeleasedntdhe
best-qualithabitategardlesofegior{ Figandupplementary
FigS1) Wepredictfinalpopulationsizan2090tabebetween
190and275animals(5thand95thpercentiles,respectively),
approximatelythesameastoday’spopulationsize 4 livingin
7-1G6ubpopulationfortheGeopoliticakeintroductiorstrategy,
comparedwith654-896animaldivingin25-3 Isubpopulations
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forthePeninsula-widestrategy.Uncertaintiesintheseestimates
areduetodemographicvariationdrivenbymultiplestochastic
runsofthemetapopulationmodelandthecoupleddynamics
oftherabbit-lynxbi-trophicinteraction.Theydonotinclude
errolpropagatingromuncertaintieindemographigarameters
or forecasts of climate suitability (see Supplementary Methods for a
detailed description of model uncertainty). The reason for this large
differencdghath&®eninsula-widstrategyconsiderhabitatin
the northern half of Iberia as potential refugia from climate-induced
shiftsinphysiologicalconditions,rabbitabundanceandhabitat
availability (Fig3 and Supplementary Fig. S3). However, even then,
anegativeimbalancebetweentherateofestablishmentofnew
potentiakelocatiorsiteandhextirpatiorobldexpectedo
occuffothdeninsula-widstrategyfte2065 Fig2) Thusjn
thduturemanagersmightneedaconsidemmovingberiardynx
beyondtheirPleistocenerefugia wheretheyevolved 2)toother
partoffuropewherethéiophysicakharacteristicofthenew
locatiorbettematclthameedofhepeciesndtstaplerey
Forexample,fossildatashowthatthelberianlynxoritsnear
relatives were distributed in southeastern France in the Pleistocene®.

Another potential management option is to improve the quality,
connectivityandpermeability(ofthenon-habitafandscapema-
trix)oflberianlynx’spresentandfuturchabitatsbydeveloping
habitatorridorslonglimateathways PHoweverthammedi-
acpfhelimatdhreatacedyberiadynx(higlprobabilityf
extinctionithewvildvithirthmex60earsFigl )pairedvith
boththeremendousxostassociatedwithestablishingarge-scale
movementorridors * andheechnicafeasibilityfranslocating
Iberianlynx *impliesstronglythatthedispersalprocessesthat
havebeendisruptedbylossothabitatconnectivitycanbemost
cost-effectivelandquicklyestoredisingarefullymanaged-ein-
troductionsnotorridors .

Ourresultssuggestthatlberianlynxabundanceisdeclining
(Figl,seealsoref.1).However,lynxabundanceatDofana
and Sierra Morena (the two extant populations) may have
increasedinrecentyearsinresponsetointensivemanagement
operations* Recentconservationmeasureshaveincludedefforts
talecreasanthropogenimortalitpmonglispersingberiadynx
and broker conservation agreements with private landholders*, two
managementactionsnotfullycapturedinourmodels,bothof
whicltouldotentiallynfluencérajectorieopopulatiorgrowth
in the absence of global warming. Our systematic sensitivity analysis
(see Supplementary Information), which identified primary sources
of demographic parameter uncertainty in model predictions,
supportsthispremise. Althoughourforecastfinalmeanand
expectedminimumabundanceestimatefordberianlynxproved
tobemostsensitivetothefrequencyofoutbreaksoffeline
leukaemiairugseSupplementarpMethods)lynsurvivalaged
>2 years)wasthesecondmostimportantparameterinthe
model(SupplementaryTableS1).Althoughitremainsunclear
whether management intervention in the two extant populations of
IberianlynxinDonanandSierraMorenasdefinitelyreversing
populationdeclines *??,present-dayeffortswillbeinsufficient
forachievingthelong-termconservationofIberianlynx.Our
dynamianetapopulationmodelresultsclearlyshowthathabitat
connectivity today is inadequate to support sufficient range
movementforaneffectivenatural-adaptationresponsetothe
velocityofenvironmentalchangeforecastforIberianlynxthis
century.Refiningfield estimatesofIberianlynxsurvival will
strengthenmodelprecisionandshouldbeapriorityforfuture
Iberiadynxesearch.

The risk of extinction faced by Iberian lynx within the
next50yearsishigh.Althoughexistingbreedingprogrammes
and reintroduction plans promote the persistence of Iberian
lynx (atleastinthenearterm),wehavedemonstratedthat
theimplementationofacarefullyplannedrelocationstrategy,
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accountingimultaneouslyfortheeffectooflimatechangeprey
availabilityconditionedbydiseaseandhabitatconnectivitywill
be crucial, irrespective of any global decision on mitigating
greenhousgaemissions.

Methods

Waisedtoupledhiche—populatiommodels 7 toimultaneouslynodelberiadynx
anduropearrabbirangeynamicandlimatehangeW generatedirannual
timaerieoflimatehangdayerfonnnuatainfalhindneartemperaturef
théottestndoolesmonthfothgeriod000-210Qsingegionallgkilful
ensemble-averagedtlimatdforecasts * Occurrencerecordysincel 950 were
usedditcologicahichanodel{ ENMs}eparatelyfothdberiardynxand
EuropearmrabbitModelsverparameterizedaepresenpresentlimatic-habitat
preferencesanddorecaspotentiafuturelistributionsTheationaldshat
ENM-modelleduitabilityprovidessurrogatdospeciescarryingapacity 3,
capturingnor¢harthghysiologicatonstraintthatlefingresence/absencat
giverlocationyhiclrartherbaisedndemographianodels 7 Aprojections
fromalternativdENMgarvargubstantialljundethsamelimatehange
scenarioweomputedevendifferenENMapproache BIOCLIMMahalanobis
andEuclideardistancesgeneralizedineamodelsyandonforestmaximum
entropandsARPandbtainedronsensuforecasbyssigningqualveights
to a subset of skilful methods. We separately identified CORINE land-use categories
(centredbrthgea2000 appropriatdobreedingabitafoiberiadynsand
rabbibccupancy SupplementaryTableS2ind3) Adand-usenodification
hadeftstronghistoricalegacyrthalistributiomfberiardynxandabbits s
thisnformatiorwasuisedaonstrairthsuitabilitp ENMpredictionsboth
fothegresent-daanduture Y Ouprojectionassumehatynxand-abbits
wiltonserveheixlimatic-habitapreferenceirthdutureandhatand-use
remainspatiallxonstant.
Wauiltdemographigrojectiorforabbitsithgrid-basedspatial
structurewherebyeaclgridellvamodelledwithtowrscalar—stochastic
modelThearryingapacitypfabbitireacleellvabasecdrENMpredictions,
scaledythanaximumndninimunrecordedinnuatabbiabundanceer
hectareThémpacbfmyxomatosiomrabbiabundancevasnodelledmplicitly,
whereaghdmpacoRHDwasnodellecexplicitlyDiseasesverenodelled
agemporallyuncorrelatecatncdhon-interactivebecausempiricalatalirectly
describingliseasdnteractionandheieffectomrabbivitalatesicrosswide
spectrunpfabbitlensitiesrmotvailableTaccounfouncertaintyrRHD
estimates) OGabbimodelwerduilteachwithdifferengridelfrequencies
oRHDvccurrencandeverityfsampledronwithirthdikelyuppeandower
parametebounds)andrurfomsingldteratiomindebothReferencand
PolicyCO , concentratiorscenarioandno-climatechangscenarioyvhere
temperaturandprecipitatiorremainedinchangedronthegrea2000Using
thesoutputsywehemmappedabbitlensityeachyea2000-2100 forach
modelgapturingtochasticityrinteractionbetweerrabbitlemographydisease
andource—sinkdynamics.
Followingherabbitmodellingstepwébuiltspatiallystructured
metapopulatiormodelforthdberianynxwhereachsubpopulatiorwas
representedvithsex-structuredstage-structuredstochastinodelTheizand
locatiomfubpopulationsvageneratedising!NMpredictionsforecasspatial
patternofabbitbundancd segrevioustep andirestimateodn-ground
managementffortThelensity-dependencasub-modehccountedoindividuals
withandvithouterritorieandnodifiedurvivahndecunditygunctionof
rabbitindynxensityPopulationdocatedutsidprotectedireasveranodelled
withamdditionall 09%ixedncreasdémmortalityDispersahccountedothe
interactiorbetweermovementatesndandoverWanodelledhgrobability
of an outbreak of feline leukaemia virus as a per-population catastrophe.
Usingsingle-populatiodynxmodelwealculatedsustainableaumbenf
younginimalgagedetweenandyearsthatouldbeemovedinnuallfrom
aaptivbreedingopulatiomblynxWevaluatedindankedvhiclpatches
taeleasdberiadynintmrthdasiofrompositanetri¢hatccounted
foimportanecologicaprocessesReintroductionsverspreadyhergossible,
evenlycrosautonomougegion{SupplementaryFigS2 fothdGeopolitical
strategy—targetinghenossuitableatclohabitaireaclofwautonomous
regionsfothreconsecutivgearswhereafoth®eninsula-widstrategythe
twdestankechabitatsweraisedegardlesoprovincialocationVulnerability
ofynxduringh80-yeaintervaR01Gind090vasneasuredisingxpected
minimumabundanceprobabilitppfotapopulatiorsizelecliningaerand
mediartime¢extinctiorfopersistentmodelunsAnnuahveragabundance
andmetapopulatiorpatchoccupancyweralsousedgprovidemeasure
opopulatiorstability.
Thdevebfheomplexityirtheabbiandberiarynsmodelseflected
dalancdetweerthmeedomanagementctiongddasedirealistic
modelthadmotxcludanajobiologicabrocessesandnakinghanodel
agobustpossiblaainderlyingincertaintiesBayesiampproachesarbe
usedexplorenodebrroimiche—populatiommodels Phowevernsinghem
tpropagataincertaintyjrcomplexnodelssuchaghdberiardynxmodel,
wouldeomputationallidemandingFurthermorejndependenevaluation
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ofuchmodeldextremelydifficult 7 andbeyondhecopeofhistudy.
Weeportuncertaintiesnberiadynxabundancelerivedronthdnternal
dynamicofhetochastipopulatiormodehndheoupledlynamicofhe
rabbit-lynxrelationshipWaisedensitivityanalysitadeterminchowthe
rabbimodelvasensitivémssumptionsurroundingliseasecarryingapacity
andbopulatiorgrowthratesandvhethemssumptionsurroundingpatial
and/omon-spatiaHemographiparameterdargelyinfluencecdbutynxmodel.
Amoreletailecexplanatiomndustificatiomflatandnethodsgiverirthe
SupplementarpMethods.
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