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oFor those who have experienced the joy of being alone with nature there is really little need for
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RESUMO

A conversao dos habitats naturais em aragscolas e zonas urbanasiada a falta de
conhecimento sobre os felideos neotropicaispde grandes ameacas a sobrevivén@&atak
espécies e dificulta determinacdo denedidasefetivas parasuaconservacaoAssim, gresente
estudo teve por objetivmanalisar os requerimentos ecoldgicos de uso do habitat e dispersao de
Leopardus guttulus L. geoffroye investigar a influéncia de fatores ambientais na dindmica da
zona hibrida existentenere estas espécies, além de avaliar o impacto da alteraca@paratrdo
habitat sobre a conectividade de suas populac@dsavés de analises de modelagem de
adequabilidade ambientafoi verificado que estas espécies apresentam diferentes nichos
ecolégicos @areceque a existéncia de um mosaico ambientalzaags de contatentre suas
distribui¢cdes possibilita a coocorréncia. Apesar disso, os hibridestd@oestritos a esta area,
apresentando elevada adequabilidadebientaino sul do estado do Rio Grande do Sul e Uruguai,
na area delistribuicdo dd.. geoffroyisugeindo que selecdo endogena e exdgena atuem sobre a
estrutura da zona hibrid&inda, os hibridos apresentam maioletancia a alteracdo antropica
gue os parentai® podem estar sendo beneficiados pela conversdo do habitat, ameacando a
integridade genética abtas espéciesEmbora apresentem nichadiferentes as analises de
genética da paisagemsugeremque estas espécieselecionam caracteristicas semelhantes da
paisagemquando emdispersdoPara ambasareas florestaiparecem facilitao fluxo génico,
enquanto areasde plantacbes e rodovias parecem restringir o movimento dos individuos,
especialmente no delL. guttulus Ainda,areas agricolas coremanescentes de vegetacao
naturalno seu interior apresentawalores de resisténcia consideravelmente menores que areas
agricolas sem remanescentes, demonstrando a importancia da manutengégetiecao natural
dentro de areas perturbadagara a conectividade das populacdes. Finalmente, as analises
sugerem que asgpulacdes dd.. guttulusencontramse altamente fragmentadas, e devido ao
peqgueno tamanho populacionaledevado isolamentomuitas populacdes na®mbo viaveisa
longo prazo, o que reduzira ainda mais o tamanho populacional da espécie. Assintoo
apresenta resultados importantes para a conservacdo destas espmeqeslaga contribuir
significativamente para a determinacdo de medidas efetivas de conservacéo.

Palavrashave: Hibridacdo, fragmentacdo do habitat, felideos neotropicemsectividade,
modelagem de adequabilidade ambiental, genética da paisagem, areas prioritarias para a
conservacao
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ABSRACT

The conversion of natural habitat into agricultural fields and urban zones, allied with the
lack of knowledge on neotropical fedjdmposes great threats to the survival of these species and
hinders the determination of effective measures for their conservation. Therefore, the main goals
of the present study were to analyze the ecological requirements of habitat use and dispersion o
Leopardus guttuluandL. geoffroyand investigate the influence of environmental factors in the
dynamics of the hybrid zone existing between these two species, besides evaluating the impact of
anthropogenidabitat alterationon populationconnectivity. Through habitat suitability modeling
analyeswe verified that these species have different ecological niches and it seems that the
existence of a environmental mosaic at theontact zonesof their distribution allows the
cooccurrence. Dedpithat, hybrids are not limited to this area, showing high habitat suitability in
the south of Rio Grande do Sul state and Uruguay, withgeoffroyrange, which suggests that
both endogenous and exogenous selection influencstiiuetureof the hybrid zone. Still, hybrids
showed higher tolerance to anthropic alteration than parental species and may be benefitting
from habitat conversion, threatening the genetic integrity of these species. Although they have
different niches, landscape genetics anadyzeggest these species select similar landscape
features when dispersing. For both species, forested areas seem to facilitate gene flow, while
agricultural areas and roads seem to restrict the movement of individuals, especially in the case
of L. guttulus Still, agricultural areas with remnants of natural vegetation presented resistance
values considerably lower than agricultural areas without remnagsponstrating the
importance of maintainingatural vegetation within disturbed arefs population canectivity.

Finally, the analyzes suggest thaguttuluspopulations are highly fragmenteaiddue to their

small size and high isolation degree, many populations will not be viable in long term, what will
reduce even marthe species population sizehdrefore, the study shows important results for

the conservation of thesgpecies and can contribute significantly to the determination of effective
conservation measures.

KeywordsHybridization, habitat fragmentation, neotropical felictmnectivity, habitat suitability
modeling, landscape genetics, spatial conservation {izetion
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INTRODUGAO GERAL

A répida expansao das populacbes humanas e a conversdo dos habitats naturais vem
causando severas alteracdes na paisagem e desafia a conservacao das (@tpddéek et al.
2015) A perda e fragmentacao do habitat sédo consideradas uma das principais causas de extingao
das espécied-ischer e Lindenmayer 200indo sido identificadas como principais ameacas para
a sobrevivéncia de 85% das quase 80.000 espécies analisadas ptadeosobrevivéncia de
espécies (Species Survival Comission) da Organizacao Internacional para Conservacao da Natureza
(IUCN). A degradacédo do ambiente reduz a quantidade e qualidade de habitat disponivel e divide
essas areas em fragmentos de remanescenéturais. A medida que esses fragmentos de habitat
se tornam menores e espacialmente isoladas, o tamanho das populagdes que os habitam €&
reduzido e seu isolamento aumeifischer e Lindenmayer 2007; Haddad et al. 2@&efn fluxo
génico, a variabilidadgenética dentro das popula¢des diminui, a estruturacado genética entre as
populacBes aumenta, e populacdes que eram previamente conectadas se tornam geneticamente
diferenciadas umas das outr@eyghobadi 2007Essas mudancas na diversidade e estruturacao
genética tornam populacdes pequenas e isoladas mais vulneraveis a depressdo endogamica e
deriva genética, que reduzem a variabilidade genética e a capacidade de adaptacéo frente a
mudancas ambientais, aumentando seu risco de extifggielman et al. 2004rankham et al.
2010) Além disso, populacdes pequenas sdo mais vulneraveis a flutuacdes demograficas e o
isolamento entre fragmentos restringe a recologiizade areas onde as populagdes foram
extintas(Gibbs 2001; Traill et al. 2010)

Assim, a consea¢do das espécies em longo prazo depende da protecdo de areas
adequadas que suportem populacdes viaveis e da manutencao da conectividade enft®estas
e Allendorf 2010; Cushman et al. 2018p entanto, para a correta identificacdo dessas areas é
crucal conhecer os requerimentos ecologicos de uma determinada espécie, bem como

compreender como as populagdes estdo sendo afetadas pela degradacdo ambiental, informacdes
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Capitulo |

estas que sdo desconhecidas para inUmeras espécies. Nestes casos, a utilizacaatds difere
técnicas de ecologia da paisagem pode fornecer um conjunto de informacdes preciosas sobre 0s
requerimentos necessarios para a sobrevivéncia das espécies em longo prazo.

Para atender a essa falta de conhecimento, o uso de ferramentas de modelagem de
adequabilidade ambiental tem se tornado predominante em estudos de conserg@gao
Cushman e Lewis 2010; Riordan et al. 2016; Macdonald et al. 2018; Wan et al. 2018; Hearn et al.
2019) Como as espécies selecionam o habitat de forma a maximizéitnesg otimizando o
acesso a comida, parceiros e outros recursos, examinar como uma espécie esta distribuida
espacialmente pode gerar informacdes que ajudem a compreender sua edBlegissen e
Broekhuis 2018A modelagem de adequabilidade ambiental correfecdados de detecgdo com
variaveis abidticas e bioticas para descrever as relacfes eapduente e compreender a
importancia de fatores especificos na selecao do habitat por determinada §pélberaArroita
et al. 2015) Assim, essa técnica nospée compreender quais caracteristicas ecologicas sao
mais importantes em predizer a ocorréncia e abundancia da espécie e como alteracdes nessas
caracteristicas podem afetar sua distribuig@®uisan e Thuiller 2005A modelagem de
adequabilidade ambiental vem sendo amplamente utilizada devido principalmente a facilidade de
obtencéo dos dados. Isso € especialmente importante no caso de espécies cripticas e raras, para
as quais existem poucos dados disponiveis e @o@oderiam ser estudados de outra for(ea.

Le Lay et al. 2010; Razgour et al. 2011; Lauria et al. 2015; Ahmadi et al. 2017; Macdonald et al.
2019)

No entanto, a modelagem de adequabilidade ambiental ndo gera informacfes sobre as
preferéncias ecolégicaslas espécies durante a dispersdo. Apesar de algumas espécies
selecionarem areas para dispersdo de forma semelhante a como selecionam o(Nabitat
2011) estudos recentes tem demonstrado que em algumas espécies, diferentes caracteristicas
ambientais ifluenciam estes process@¥/asserman et al. 2010; Mat&anchez et al. 2015;
Reddy et al. 2017; Zeller et al. 20X8)mo o movimento de individuos na paisagem é essencial
para prevenir a perda de variabilidade genética e reduzir o risco de extingaopudde;pes
(Frankham et al. 2010), para a aplicacdo de medidas efetivas de conservacdo, € necessario

compreender também como a paisagem influencia o movimento dos indivitkese sentido,
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Capitulo |

0S avancgos na genética da paisagem prometem melhorar nossa condfareebge os efeitos de
caracteristicas ambientais e antropicas sobre o fluxo génico entre as pop(lagdesrt et al.

2003; Funk et al. 20057 genética da paisagem é uma disciplina que combina genética de
populacbes com ecologia da paisagem e técaicaBticas espaciais para verificar relacdes entre

a paisagem e os dados genéti¢hbkanel et al. 2003; Storfer et al. 2007; Holderegger e Wagner
2008) Em outras palavras, a genética da paisagem estuda como aspectos da paisagem influenciam
a conectividadgenética e como a conectividade pode mudar em resposta a futuras alteracdes na
paisagen{Balkenhol et al. 2009a, 2016a; Manel e Holderegger 28it8)a, esta técnica permite
realizar pesquisas mais efetivas sobre animais que possuem habitos elusivos@uidificeis de
serem estudados utilizando métodos tradicionais de marcagdo e recaptura ou radiotelemetria
(Schwartz et al. 2009)

Assim, enquanto a modelagem de adequabilidade ambiental € uma ferramenta
importante para estudar a conectividade estrutwlalpaisagem, a genética da paisagem permite
analisara conectividade funcional da paisagem (Beninde et al. 2@if)nectividade estrutural
diz respeito aos aspectos fisicoa eonfiguracdo da paisagem, e nao leva em consideracao a
respostacomportamental dos organismos (Taylor et al 20BB).pode ser determinada através
de mapas de adequabilidade ambiental ou outras técnicas de ecologia da paisagem que
demonstem o quao adequado é o habitat que conecta diferentes regides no espaco (eaPoint
al. 2015).A conectividade funcional, por outro lado, diz respeito ndo apenas aos aspectos da
paisagem, como também a resposta comportamental dos organésesiesliferentes aspectos.
Assim, a conectividade funcional é esp@gpecifica, e considegue individuos dispersores
possam apresentar comportamentos diferentes a individuos residemtassive dispersando por
areas menos adequad@Eschendorf e Fahrig 200Como a genética da paisagem analisa o fluxo
génico dos individuos na paisageny &ta dispersao seguida de reprodugda,considera ndo
apenas a configuracdo da paisagem, como também a influéncia de diferentes caracteristicas da
paisagem sobre a dispersdo dos individiras este motivo, el& uma oOtima ferramenta para
guantificar aconectividade funciondlLaPoint et al. 2015; Beninde et al. 2016)

Uma das inovagdes mais interessantes da genética da paisagem € a integracdo de

modelagem de conectividade e simulacdes genéticas populacionais com base em individuos para
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Capitulo |

determinar padrBes de conectividade genética em amplas egcaladguth et al. 2015; Thatte et

al. 2018) A associacdo destes modelos permite estimar a estruturacdo e variabilidade genética
guando dados genéticos para determinada espécie ndo estédo dsigool testar o impacto de
diferentes cenarios de fragmentacao sobre a diversidade gef@tasserman et al. 2012, 2013;

Wan et al. 2018; Hearn et al. 201%ambém é possivel estimar a viabilidade de populacbes em
longo prazo ou simular quais medidas mhanejo aumentariam a diversidade genética das
populagcdegMacdonald et al. 2018; Kaszta et al. 20D@Vvido a iss@sses métodos témrande
potencial para a identificacdo de areas prioritarias para a conservacao e determinacdo de medidas
de manejo. Ass, em adicdo a modelagem de adequabilidade ambiental, a genética da paisagem
fornece uma ferramenta util para a gestdo de medidas de conservacao, verificando os efeitos da
degradacéao do habitat sobre a conectividade genética e identificando possiasEasipara o

fluxo génicqHolderegger e Wagner 2008; Balkenhol et al. 2009b)

A Familia Felidae

A familia Felidae (Mammalia: Carnivora), atualmente, compreende 41 espécies divididas
em 14 génerogJohnson et al. 2006; Trigo et al. 2013a; Kitchener. @0a&lr)e distribuidas por
guase todo o globo, com excecdo de Madagascar, Australia, Nova Zelandia e dos poélos (Nowak
1999). Entre os carnivoros, a familia Felidae (Mammalia, Carnivora) representa uma radiacao
evolutiva Gnica, com um grande numero de eg®exibindo tracos ecoldgicos, morfologicos e
comportamentais variadogMasuda et al. 1996)sendo considerada uma das familias de
carnivoros mais bem sucedidas do mundo (Nowell e Jackson 1996; Nowak 1999). Como
predadores, os felideos sdo consideradascamente importantes para a manutencdo do
funcionamento e dindmica dos ecossistemas, controlando a populacéo de presas e restringindo a
dispersao de pragas e doengd&spple et al. 2014Além disso, eles sdo considerados espécies
carismaticas, que aumtm o engajamento do publico em questdes de conservacgao e podem ser
dzi At AT F R2a LI N¥ 0SSy STAOA (Nkddnded NBl.201SPONaIRA)A S& Y S
conservacao das espécies de felideos pode servir como importante ferramenta para aproteca

de outras espécies e ecossistemas.
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Capitulo |

No entanto, a conversdo de habitats naturais em areas agricolas e urbanizadas imp&em
grandes ameacas a conservacado destas espdtaDonald et al. 2013Pevido a suas amplas
areas de vida, baixa densidade populadiermixa taxa reprodutiva, os felideos sdo considerados
particularmente vulneraveis a extinc@dboss et al. 1996)tendo sido registradas reducdes
significativas no tamanho populacional e &rea de ocorréncia de algumas efaties Ripple
2018) Além dsso, a caca por retaliacdo a predacdo de animais domésticos, bem como a caca
comercial e esportiva sdo ameacas importantes em algumas localidades (Sunquist e Sunquist,
2002; Loveridget al 2010). Embora a atencédo dada a conservacgéo dos felideos tesb@ar
nas ultimas décadas, grande parte dos recursos de pesquisa e conservacao foram destinados as
espécies de grande porte. De fato, para inUmeras espécies de pequeno porte ndo existe
informacao quanto a requerimentos ecoldgicos, densidade populacwmalpacto da perda de
habitat sobre suas populagdes, impedindo a aplicacdo de medidas efetivas de (Beodip
2009; Zanin et al. 2014)

Leopardus guttulus

O gatedo-mato-pequenado-sul,Leopardus guttuly® uma espécie de felidaeotropical
de pequeno porte (~2kg) (Sunquist e Sunquist 2002) que foi recentemente reconhecida como uma
espécie valida, distinta de tigrinus(Trigo et al. 2013a; Kitchener et al. 201S)a pelagem
apresenta tonalidades de amarelo ao castaahmareladp com rosetas pequenas e abertas,
podendo apresentar variacdes de tamanho e forma (Etigd. 2013a; Hunter 2015 padrao
de atividade desta espécie € tipicamente notucnepuscular, porém pode apresentar
consideravel atividade durante o dia (Oliveiral. 2013). Aparentemente, este felideo muda seu
padrdo de atividade para minimizar encontros cbhmpardalis um competidor potencial
(MacDonald e Loveridge 2010). A espécie € solitapassuihabitos terrestres, embora suas
habilidades arboricolas sejam bem desenvolvidas. Sua dieta consiste basicamente de pequenos
mamiferos (< 100 g) e aves, embora também possa se alimentar de anfibios e répteis (Trigo et al.
2013b).

A ocorréncia da espégmarece estar intimamente ligada a Mata Atlantica do sul e sudeste

do Brasil, embora alguns individuos capturados na regido central do pais, no bioma Cerrado,
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tenham sido identificados geneticamente comguttulugTrigo et al. 2013aPortanto, os limites

de distribuicdo da espécie ainda ndo sdo bem conhecidos. Sua distribuicdo provavelmente se
estende ao interior do continente até os limites da Mata Atlantica e biomas adjacentes, incluindo
areas limitrofes na Argentina, Paraguai e possivelmente Boliviea(E)gNascimento e Feijo

2017) Alguns estudos sugerem que a espécie pode habitar areas degradadas, sendo encontrada
na borda de campos agricolas onde se beneficia da elevada densidade de roedores (Facure
Giaretta 2002). No entanto, sua ocorréncia pameckizir significativamente com o aumento da
distancia de areas florestdiSruz et al. 2019)

A perda e fragmentacao do habitat sédo consideradas as principais ameacas a sobrevivéncia
de L. guttulus Atualmente, estima@e que existam menos de 7.000 indliis madurosna
natureza. Isto, aliado a falta de conhecimento sobre a espécie, torna a conservagao desta um
desafio. Aléem disso, a caca por retaliacdo devido a predacdo de animais domésticos e
atropelamentos também sé&o ameacas importantes. A combinagiesdatores faz com que a
espécie seja classificada como vulneravel a extincdo pela IUCN. No entanto, sdo estimadas
reducdes no tamanho populacional de cerca de 10% em apenas trés geracdes, 0 que poderia

elevar a classificacdo da espécie para em p@eOliveira et al. 2016)

Leopardus geoffroyi

O gatedo-mato-grande Leopardus geoffroypossui porte semelhante ao gato domeéstico,
com peso meédio de 4,3 k{Pereira et al. 20155ua pelagem pode apresentar uma grande
variedade de tons de cinza atfa coloracdo mais amared@graceo, com pintas escuras que nao
formam rosetas (Sunquist e Sunquist 2002; Oliveira e Cassaro 2006). A espécie apresenta habitos
noturnos, com maior periodo de atividade ocorrendo apos alp&ol e antes do nascelo sol
(Jdnson e Franklin 1991; Oliveira e Cassaro 2006). SemelHamg@ttulus a sua dieta consiste
principalmente de pequenos roedores e aves, embora tamdgalimente ocasionalmente de
répteis e anfibios (Sunquist e Sunquist 2002; Trigo et al. 2013b).

Este felideo apresenta uma extensa distribuicdo geogréafica na regido sul da América do
Sul, podendo ser encontrado desde a Bolivia e o Chaco paraguaio até o sul do Chile, ocorrendo em

praticamente toda a Argentina, Uruguai e no sul do estado do Rio Glar®id, Brasil (Figura 1)
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(Oliveira e Cassaro 1999; Eizirik et al. 2006; Pereira et al. 2015; Cuyckens et &.eX)igie é
encontrada em ambientes abertos em grande parte de sua distribuicdo (Sunquist e Sunquist,
2002). No entanto, estudos recentesngonstram que este felideo tende a selecionar areas de
vegetacao densa em regides antropiza@adanfredi et al. 2012; Caruso et al. 2016; Tirelli et al.
2019) o que levanta duvidas sobre sua preferéncia de haBitgckens et al. (2016) e Fernandez
et al (2020)modelaram a adequabilidade ambiental para a espécie e identificaram que sua
ocorréncia é principalmente restringida pela temperatura e baixos niveis de precipitacdo anual.
No entanto, os mapas de adequabilidade gerados demonstraram niveis dealztidgde
diferentes para a area de ocorréncia da espécie: 0 modeuglekens et al. (201&presentou
elevados valores de adequabilidade ao longo de quase toda a area de ocorréncia, enquanto o
modelo deFernandez et al. (202@emonstrou alta adequahiiade mais restrita ao norte da
distribuicdo dd.. geoffroyi

Leopardugyeoffroyié considerado o felideo mais abundante da América d@8weira e
Cassaro 1999; Pereira e Novaro 20MBm disso, a espécie parece ser tolerante a um certo grau
de antropzacao do habita(Pereira et al. 2011a, 2012)evido a estes fatores, setatusde
conservacao mundial € de menos preocupéRteira et al. 2019)eopardugyeoffroyifoi cacado
intensamente no passado devido ao comércio de peles (Nowell e Jackd®n,AtBalmente,
ainda é cacado devido a predacédo de animais domésticos, embora sua principal ameaca seja a

perda e fragmentacéo de seus habitats (MacDonald e Loveridge, 2010).

Hibridacdo entrd.. guttuluse L. geoffroyi

As espéciek. guttuluse L. geoffroyiapresentam distribuicbes alopatricas na maior parte
de suas areas de ocorrén¢Rereira et al. 2015; de Oliveira et al. 20Ng) entanto, na borda de
suas distribuicdes, no estado do Rio Grande do Sul, Brasil, existe uma zona de contaisaentre e
duas espécies, ha regiao de transicdo entre os biomas Mata Atlantica e(Bazinipeet al. 2006;
Trigo et al. 2008, 201.3)Nesta regido foi verificada a ocorréncia de eventos de hibridacdo entre
estes dois felideos (Figura(T)igo et al. 2008, 2@4&). Este processo de hibridacéo é recente e
bidirecional, sendo encontradas todas as categorias de hibridos (F1, F2 e retrocruzamentos) e uma

grande similaridade genética entreguttuluse L. geoffroynessa regiafrrigo et al. 2013a, 2014)
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Além dissp cerca de 40% do total de individuos analisados por Trigo et al. (2014) foram
identificados como hibridos, o que faz desse caso um dos processos de hibridacdo mais extenso ja
documentado em carnivoros. Os dados existentes sobre esta zona hibrida indécastey
processo de hibridagdo possa ter uma origem natural e seja mantido por algum tipo de selegéo
gue esteja limitando a dispersao dos hibridos para além da zona l{iigtaet al. 2014)No

entanto, reconhecese que a alta degradacdo da paisagemesiado do Rio Grande do Sul
(Oliveira et al. 2017possa afetar de algum modo a zona hibrida (de Oliveira et al. 2016),
aumentando sua area ou até mesmo extinguiado que consequentemente podera ter um
grande impacto nas populacfes das espécies pasd@airoway et al. 2010)

A ocorréncia de eventos de hibridacdo possui implicagcdes contrastantes para a
conservacgao das espécies, podendo aumentar a variabilidade genética das espécies parentais ou
causar sua extincdo. Embora ndo exista um consenso gohie medidas de conservacao sao
mais apropriadas no que diz respeito a hibridacdo, em geral, eventos de origem natural sao
considerados partes importantes do processo de evolucéo e, como tal, devem ser protegidos. Por
outro lado, hibridagbes originadasrpofluéncia antrépica sdo consideradas prejudiciais para as
espécies parentais e devem ser manejaddiendorf et al. 2001; Stronen e Paquet 201B)
entanto, zonas hibridas formadas naturalmente podem ter sua estrutura alterada devido a acdes
antropicas (Garroway et al. 201jlificultando a determinacao de medidas de manejo. Assim, uma
caracterizacado mais aprofundada da natureza da zona hibridaLeguguluse L. geoffroyicom
a identificacdo de sua histéria e das principais fgggasovendo sua formacédo e manutencao,
além do conhecimento da real extensédo da zona de hibridacdo é crucial porque estes aspectos
podem levar a consideracdes relevantes no manejo e conservacdo das espécies parentais

envolvidas.
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Figura 1I¢ Distribuicdo gegrafica das espéci¢Bereira et al. 2015; de Oliveira et al. 204 @yea
de ocorréncia da zona hibrida de acordo daigo et al. (2013b e 2014)

Objetivos e estrutura da tese

Os felideos neotropicais enfrentam problemas sérios como redugdo, alteeacdo
fragmentacao do habitat, bem como caca e outras ameacas huij@asra et al. 2013Ainda,

a falta de conhecimento na biologia, ecologia, estruturagdo genética e historia evolutiva das

20



Capitulo |

espécies do presente estudo impde desafios para a implementacaeedidas efetivas para a
conservacao destas (Nowell e Jackson 199fsar de constarem em véarias listas de espécies
ameacadas, é dificil dizer ao certo quais sdo suas principais ameacas ou 0 seu vetdadeiro
de conservacao na natureza. Eaméo disso, s#a tese tem como objetivo principal investigar os
requerimentos ecoldgicos quanto ao uso do habitat e dispersdo de duas espécies de felideos
neotropicaisLeopardus guttulus L. geoffroyianalisar o impacto da perda e fragmentagcao do
habitat sobre estas espécies, além de identificar os fatores ambientais envolvidos na formacao e
manutencdo da zona hibrida, ampliando os conhecimentos da biologia das espécies e
contribuindopara a elaboracéo de planos de manejo e conservaisiobjetivos egzificos da
tese foram: (1) identificar as variaveis ambientais que mais fortemente influenciam a selecéo de
habitat emL. guttuluse L. geoffroyi(2) investigar os fatores ambientais e antropicos responsaveis
pela formacédo e manutencéo da zona hibridatemte entre estas espécies e as consequéncias
para a conservacao, (3) analisar como a alteracéo antropica da paisagem afeta a distribuicdo e o
fluxo génico das populacdes ldeguttuluse L. geoffroye (4) determinar areas prioritarias para a
conservaca de L. guttulusem longo prazo, com a identificacdo das principais areas nucleo e
corredores que mantenham a conectividade da paisagem.

A tese foi organizada em cinco capitulos, com o primeiro apresentando uma introducao
geral ao assunto e o ultimo umadlissao geral sobre os resultados obtidos. Os Capitulos 11, 1l e
IV séo constituidos de artigos cientificos a serem submetidos para revistas cientificas distintas. No
Capitulo IFoi avaliada a selecdo de habitat émguttuluse L. geoffroye analisadm papel do
ambiente na formacdo e manutencdo da zona hibrida existente entre estes dois felideos. Este
capitulo apresenta mapas de adequabilidade ambiental para as espécies parentais e hibridos e
estima a sobreposi¢cdo de nicho entre eles com o objetivavdiar similaridades e diferencas
entre 0s requerimentos ecoldgicos dos hibridos e as espécies parentais e possiveis implicacdes da
zona hibrida na conservacao destas espécies.

O Capitulo Il apresenta uma comparacdo metodoldgica eafréi@éncia de duas técnicas
amplamente utilizadas, modelagem de adequabilidade ambiental e genética da paisagem, em
estimar a resisténcia da paisagem ao fluxo génico destas duas espécies de felideos neotropicais.

Neste capitulo fiam verificadasas caractdsticas da paisagem que favorecem ou restringem o
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movimento destes dois felideos, influenciando a conectividade, e aalialdcdo entre selecdo
de habitat e resisténcia ao movimento nestas espécies.

Por fim, o Capitulo IV apresenta uma modelagem deatividade pard.. guttuluscom
base em uma superficie de resisténcia genética gerada para a espécie no Capitulo Ill. As areas mais
importantes para a conservagdo da espécie foram identificadas e a viabilidade destas areas foi
simulada para o futuro. Ainda, foi demonstrado comagrentacéo da Mata Atlantica afetou a

conectividade e o tamanho populacional da espécie.
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Abstract

Identifying factors that create and maintain a hybrid zone is of great intévestology,
evolution and more recently, conservation biology. Here, we investigated the role of
environmental features in shaping tlspatialdynamics of a hybrid zone betwe&eopardus
guttulus and L. geoffroyi testing for exogenous selection as the main force acting on the
mantenance of the hybrid zondheseNeotropical felidspecies are mainly allopatric, with a
restricted area ofsympatryin the ecotone betweerthe Atlantic Forest an®ampa biomesAs
both biomeshave experiencetligh rates ofanthropogenichabitat alteraton, we also analyzed
the influence of habitat conversiam the hybrid zone structure. To do this, we identified potential
hybrids and generated ecological niche models for parental species and hybrid individuals. We
compared the influence of variables parental species and hybrid occurrence and calculated the
amount of niche overlap between them. Parental species showed different habitat requisement
andpredictedco-occurrence was restricted to the mosaic of forgisissland habitats. However,
hybrid irdividualswere found beyond this area, mainly in the rangelLofgeoffroyi Hybrids
demonstrated higher tolerance to habitat alteration than parental types, avghobability of
occurrencethat waspositively relatedvith mosaics otropland areasnd remnants of natural
vegetation. These results indicate that exogenous seledties notdrive the dynamics of the
hybrid zonealoneand that habitat conversion influences its structure, potentially favoring hybrids
over parental specie§hus hybrids ardikely to increase in number and range as landscape

changes continue.

Keywords ecological niche modeling, hybridization, niche divergehempardus guttulys

Leopardus geoffroyhabitat conversion
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Introduction

Hybridization isurrentlyconsidered a&elativelycommon natural evenwith animportant
role in the evolutionary proce¢Barton 2001; Seehausen 2Q004enon et al. 2020 Onthe one
hand, hybridization mayntroduce genetic novelty in a populationathe introgression of new
variantsthusincreasing genetidiversityand the possibilitpf adapingto changing environments
(Menon et al. 2020)On the other hand, it might lead to genetic homogenizatigopiilations,
loss oflocallyadaped genotypesndevenextinction of parental speci€Barton 2001)It might
also lead to the emergence of new tawéth noveladap#tions relative tdheir parental species
(Allendorf et al. 2001; Abbott et al. 2013180 Given these varied scenarioBetoutcome of a
hybridization event is hard to predamdwill depend on thecologicatontextin whichthe hybrid

zone is establishe@eehausen et al. 2008)

Currently high rates ointhropogenidabitat conversiomre altering speci€sanges and
ecological interaction@lois et al. 2013; Haddad et al. 2049 a consequence) the lastfew
decadesstudies have described changes in the dynamics of hybrid zones and even the formation
of newones(e.g, Carney etl. 2000; Garroway et al. 2010; Heath et al. 2010; Seifert et al..2010)
These changes hawgnificantconsequences for species conservation hade generated a
debate about whethefand under what circumstancdsybrids should or not be protectdd.qg.,
Allendorf et al. 2001; Stronen and Paquet 2013; Brennan et al. 2014; Grabenstein and Taylor
2018) According toAllendorf et al. (2001)natural hybridization events are part of the
evolutionary legacyf the implicated taxaand thus hybrids generated from it should be
protected. In contrast hybridization events withan anthropogenic origin often require
management actions thaemove tybrids orreducetheir numbers to protect parental species
(Allendorf et al. 2001) Therefore, identifing the factors promoting the formation and
maintenance of a hybrid zone might help us understand the nature of this pradesks may be

crucial for mmagement consideratiortargetingthe involved species.

Hybrid zones are formed in areas where species with weak reproductive bari@suco
(Barton and Hewitt 1985Dften, these areas correspond to environmental gradients or ecotones
that allow the seondary contact of related species adapted to different environn{&atsmeyama
et al. 2008; Cullingham et al. 2012; Culumber et al. 2012a; Walsh et al. 2@@neticstructure
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of hybrid zones is highly variable, and their maintenamspace and times determined mainly
by the type and strength of selectiom bybrids(Barton 2001)When the dynamgof a hybrid
zone is primarily determined by endogenous selection, hybrids present a lower fitnefissihan
parental species due to geneticdevelopmemal, behavioral and/or morphological
incompatibilitiegArnold and Hodges 1993 this case, selection decreabgbrid populations,
but continueddispersal from parental populations maintihe hybrid zone, in a model known
as tension zone. If dispaisfrom one parental species decregsdue to lower density oan
environmental barrier, and disperdedm the other parental specids maintained omcreass,
the hybrid zone will be pushed towards the area of the former spéston and Hewitt 19.
Environmentabased selection, or exogenous selection, can afdtuence the
maintenance of hybrid zong&nderson 1948; Moore 1977; Kruuk et al. 1998)this case,
parental species have different habitat requiremeriisd hybrid occurrence will bdictated
mainly by theirfitness inenvironmens locatedwithin the hybrid zone. Therefore, exogenous
selection actswparental and hybrid individuals, shaping the distribution of genotypesshe
landscapgRand and Harrison 198®Ithough most hybrid genotypes are expected to be less fit
thantheir parental types, hybridization might produce intermediate or transgressive phenotypes
that outperform parental types in transitiasr heterogeneougones(Moore 1977; Arnold and

Hodgesl995)

In this study, we examine the influence of environmental factoeshybrid zone between
two species of smaleotropical cats, the southetigrina(Leoparduguttulus) YR DS2 F T NR &
(L. geoffroyi. These two species exhibit mainly allopadigtributions and are associatedth
different environmentgEizirik et al. 2006; Trigo et al. 2013kppardugyuttulusis considered a
forestassociatedspecies, occurringhainlyin the Atlantic forest of Brazil, Paraguay and remrth
Argentina(de Oiveira et al. 2016)eopardusgeoffroyj on the other handpccursin more open
environmentsin central and soutbrn South Americapccupyinga broad range ofregetation
types, suchas savannas, shrublands, grasslands and dry fdfstsira et al. 2015)The two
species overlap and hybridize in the southernmost Brazilian state of Rio Grande do Sul, in the
transitioral areabetween two biomeghe Pampandthe Atlantic ForesfTrigo et al2008,2013b,

2014) This region consists of a mosaic of grassland vegetation and forest types and has been
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greatly altered by agriculturaktivities(Muller et al. 2012)In this area, admixture betwedine
parental types is extensive and hybrids are frequently found.it®dbe intense introgression,
parental species remain genetically and morphologically differentiatetbgt of itsalloparic
areas which suggestthat selective pressures restrict the dispersal of hybrids beyond the hybrid
zone(Trigo et al. 2014)

Here, we investigatgthe role of environmental factors in the formation and maintenance
of the hybrid zone betweeh. guttulusand L. geoffroyby evaluating the influence of habitat
featureson the distribution of pure and hybrid individugdsncethe hybid zone imbedded in
agricultural matrices, we also investightbe influence ohumandominated landscapesahe
occurrence of hybrid and parental types. We hypothesized that different ecological preferences
of parental species and hybrids, and thss&nce of an environmental mosaic in the contact area,
play important roles in the distribution of the hybrid zone through exogenous selection. If
environmental factors determimkthe location of the hybrid zone, weould expect parental
species and theimybridsto exhibit different habitat preferences and predicted habitat suitability
models nearly matching each spe€ieographic distribution and the location of the hybrid zone
(Moore 1977; Culumber et al. 201R) this case, weauldexpect higher stability for the hybrids
in the mosaic environment found in the contact zone. In contrast, if intrinsic factors predominantly
shapel the hybrid zonethe predicted habitat suitability models should not match the distribution
of parental species and hybsjénd niche divergence among parental and hybrids should not be
observed(Swenson 2008; Culumber et al. 2012&) test these hypotheses, we applied species
distribution modeling and niche divergence anedyt® characterize habitat preferences of
parentd and hybrid individualg relation toenvironmental variation across the extent of the

hybrid zone as well as throughout most of the geographic range of each parental species

Materials and methods
Study area andampling effort

The studyarea encompasses almost the entire distribution of the parental species,

including five South American countries: Brazil, Uruguay, Argentina, Paraguay and-Bpireia (
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1). ForL. guttulust comprehendsnainlytwo biomes, the Atlantic Forest a@errado while br

L. geoffroyi it comprehends different vegetation types, that can be broadly categorized as
grasslands, savannas, shrublands, dry and moist broadleaf faitestlybrid zone is located in
the transition zonebetween forest environmentsassociated with the Atlantic Forest and

grasslandassociated with th®ampabiome, in the Brazilian state of Rio Grande do Sul.

We collected blood and tissue samples from captive animals of known an@iroad
killed animalsSkin samples from museumlleotions were also use@upporting information,
Table S1)For road-killed sampleswhich lackedorecise geographic coordinates, we estimated
their locations by randomly placing them beside a road within the municipality where they were
collected. The small imprecisiorsuchsample locations is unlikely to affectr results due to the
large extenbf the study aredGraves et al. 2012pnly samples whose provenance was known at

least to the municipality level were included.

To enhance our sampling effort, we also codldgpresence records from museum
collections including data derived from thedbll Biodiversity Information Facility (GBIF 2019)
and SpeciesLinkhttp://www.splink.org.br), and the literature. These records were located
outside the state of Rio Grande do Sul, as Trigo et al. (2013; 2014) estimated that the hybrid zone
was restricte to this state Thereforewithin the state of Rio Grande do Sué only considered

records that could be genetically identified as pure or hybrid indiviffcigisre 1)
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Figure 1- Study area and sample points. The blue and red iimksatethe range maps of the
parental species modified from UGN opardus guttulus red and..geoffroyiin blue.Triangles
indicate the genetic samples, while circles indicate presexnoeds obtained from the literature,
museum collections and databases. Tisei shows a zoomed image of the Rio Grande do Sul
state, in southernmost Brazilyhere the two species caccur. Within this state, all individuals
were genetically classifieds L. guttulus L. geoffroyior hybrid based on thecoefficient
membership probability generatetdth the softwareStructure Outside Rio Grande do Sul state,
presence points from the literature and museum collections were also includeddsesals and

Methods for more details)

DNA extraction, genotyping and hybrid identification

We extracted DNA from tissue and blood samples wsstgndard phenol/chloroform

protocol (Sambrookt al 1989). The DNA extraction of the skin samples wésrpesd in aoom
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dedicatedto work on lowconcentration DNAalong with extraction controls, to monitor and
minimize the risk of contamination. ™eesamples were cleaned and hydrated following the
protocol described bioraesBarros and Morgante (200&hd DNA extraction was performed

using a modified phenol/chloroform protocol. We amplified the samples for 13 microsatellite loci,
developed originally for the domestic c@Menotti-Raymond et al. 1999, 2005pight
tetranucleotide (FCA391, FCA424, FCA441A4B3, F42, F124, FCA742, FCA559), two
trinucleotide (F98 and F146) and three dinucleotide repeat loci (FCA723, FCA730, FCA734). Each
microsatellite locus was amplified individualth a polymerase chain reaction (PCR3}
described infrigo et al(2008, 2013)We visualized PCR products using an ABI3730XL sequencer
and scored the genotypes using the software PEAK SCANNER v1.0 (Applied Biodystéms). A
15% of the tissue and blood samples and 40% of the skin samples were genotyped &wice as
qualty control step. Individuals with more than 20% of missing data were excluded from the
analyes.We also added the genotype data of 122 individuals generated by Trigo et al. (2013) to
the present data set. However, since their data set comprised a stigfehent set of markers

(did not include FCA730, FCA734 and FCA559), we genotyped those samples for additional loci to
have them typed for the same 13 markers used here. In addition, we repeated the genotyping of
ca. 5% of the samples from Trigo et &013) to standardize the genotype binning across the

whole integrated data set.

To identify parental types and putative hybrids, we applied the Bayesian clustering method
implemented in the program Structure v.2.3 RBri{chard et al. 2003with avaryingnumber of
clusters. We an the analges under the admixed and correlated allele frequency model. We
conducted 10 independent runs for each value of ) (ising 000,000 MCMC iterations
following a burAn period of 5000 steps, without putative popation information. Théestfit
number of clusterdK=23 was defined using the DK meth{vanno et al. 2005)n Structure
HarvesterEarl and vonHoldt 2012)Ve used the coefficient membership probabiliy for K=2
generated by Structuréo classifyndividuals ito one of the threggroups(L. guttulusL. geoffroyi
or hybrid) We considered as potential hybrid individuals those \aittoefficient membership
probability 0.2 < g < 0.8, and pstativelyLJdzZNBE A Y RA @A RdzF t & G K2 3S gA (K

based(specesleve) group of origin, as ifirigo et al. (2014)
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Landscape variables

We assembledjeospatial data foa set of environmental variables that have been
demonstrated to influence habitat choice in other carnivore spe@fesgara et al. 2016a;
Macdonald et al. 2018; Fernandez et al. 208 nalyze patterns of habitat use by the studied
geneticgroups, inclding: mean annual temperature, mean annual precipitation, annual amount
of solar radiation (Worldclimhttp://www.worldclim.org/), elevatior{Lehner et al. 2008NDVI
(USGS https://lpdaac.usgs.gov/), percent of tree canopy cover (US@gs://www.usgs.gov/),

13 categories of landcover (Supporting information, Tablg) {GlobCover -
http://due.esrin.esa.int/page_globcover.php) and three categorigednniakiver width (small:
XXHANYT YSRAdMzZYY HnAanf HAlennand Padelski R Becays ailarye
proportionof the habitatwithin and aroundhe hybrid zone has been converted into pasture and
agricultural field¢Andrade et al. 2015)ve also analyzed the influence of the amount of livestock
per kn? (Robinson et al. 2014)nd the presence focropland areasn the occurrence of both
species and hybrids. We added a more recent cropland layer (USGS) to the landcover layer to have
a more upto-date evaluation of cropland areaand classified tha into two categories:(i)
cropland areas with remnants of natural vegetation, which included all cropland categories
consideredto represent areas with some percentage of simultaneous presence of native
vegetation and cropland; and) cropland areagontainingonly agricultural &nd useswithout
remnants of natural vegetation. The cropland classes were not differentiated enpghoduct,
including even foregtlantationsareas. Due to the large extent of the study area, all layers were

projected at 1 kraresolution.

Habitatsuitability modéahg

To generate habitat suitability models @ndnvestigate which variables were most related
to each parent speciesand hybrid occurrence, we used the Random Forest algorithm,
implemented in the randomForest packa@gaw and Wiener ZI2) in R. Random Forest is a

classification and regression tree method (CART)S QI 4 K I Yy R thatistdNpréhé tozad H 1 1 .
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common issues that can negatively affect other statistical methods, such d#&tomgeand mult
collinearity(Breiman et al. @1; Cutler et al. 2007; Evans et al. D01t has been shown to have
higher predictive power than the logistic regression, producing more accurate maps of patterns
of occurrencgCushman et al. 2017; Cushman and Wasserman.ZDl&yesponse variable was
comprised of presence records (1) and psealdsence data (0). The presence data was composed

of the genetic data and published recardsdescribed above.

Since the data &re unbalanced due to an unequal samgleffort across the range, we
subsampled the presence records to keep a similar density of points in allsvea® minimize
the bias of an overprediction of habitat suitability in areas with higher concentration of points
(KramerSchadt et al. 2013Boria et al. 2014)Therefore, wecalculatedthe density of presence
pointswithin an area of 100kth ONR &84 GKS Sy dANB aiddzRé I NBI gA K
and thenused thearea with lowest densitip standardize the rest of the distributiowe used a
bootstrap procedure to randomly removecartainnumber of points in all areas with high point
concentration, such that all areas ended with a similar density. We repeated this procedure 10
times to reduce possible bies(e.g., Wan et al. 20).7Wethushad 10 subsets of presence data

(i.e., 10 bootstrapped samples) after this step.

The pseudebsence points were created randomly across the sp@eieges with the
Ereate Random Poifidsol in ArcMap. We generated 10,000 random points aadext any point
that fell within an 8 km radius around the presence points. We chose an 8 km radius scale
considering an average home range of 8 fanL. geoffroy{Pereira et al. 20159nd considering
that this value is within the home range interval dimented forL. guttulusoy de Oliveira et al.
(2016) Moreover studies orseveralarnivore species have shown habitat selection at relatively
broad spatial scalg®.g, Mateo Sanchez et al. 2014; Vergara et al. 2016a; Hearn et al. 2018a,;
Macdonald et al2019) We thusrandomly subset the remaimg points proportionally to the
number of presence points. We used a ratio :affbr presence and pseudoabser{esy, Evans

and Cushman 2009Yan et al. 2017)

For each predictor variable, we calculated the focal mean of the raster value around each
presence and pseudabsence point on an 8 km radius scale, with the Focal Statistics tool, in

lw/ al LJ 2SS OKSO1SR F2NJ YdzZ (A O2 forfi cheffidntededck o6& O
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pair of predictor variables. When two variables were correlated (#6.5), we retained the
variablethat wasmost related to the response variable, based on theodditag (OOB) error from

the univariate random forest model, dexcluded the othesnefrom further analyss. To identify

the variable subset that resulted in the most parsimonious model, we applied the Model
Improvement Ratio (MIRMurphy et al. 2010)We compared the models and selected the one
that had the lowestotal OOBerror and lowest maximum withiclass error. We validated the
model utilizing the OOB error rate, sensitivity (proportion of observed positives correctly
predicted), specificity (proportion of observed negatives correctly predicted) and Kapggal
habitat suitability model was an ensemble derived from the combination of all 10 models (i.e.,
based on the 10 bootstrapped samples). All procedures for the habitat suitability modelling were

conducted separately for the three genajioups

Niche divergence

To quantify the amount of niche overlap among parental species and their hybrids, and to
analyze how their ecological requirements differ from each other, we used three approaches.
First, we calculated the spatial difference of the probabdit occurrence obtained from the
random forest models. Specifically, we subtracted the predicted habitat suitability map of one
speciedrom the predicted map of the othespeciesn the entire studied area. Second, we used
density profiles of occurrengmints to assess single variable niche overlap using the R package
SM (Bowman and Azzalini 2015) for the most important predictor variables. Finally, we calculated
pairwise niche overlap based on logistic probabilities of occurrence in each grid celingctmor
{OK2SYySND&a 5 FyR | SttAyaSNRa L YSGNRO&A gAOK
metrics range from 0 (no overlap) to 1 (complete overlap). As parental species have mainly
allopatric distributions, niche differereenight be due to diffeent environmental conditions
available in their range@Varren et al. 2008)Therefore, we tested if niches are more or less
divergent than expected given the environmental background of their geographic ranges with the
Background Test in ENMTools. Byjethis test compares the observed niche overlap to a
distribution of niche overlap values calculated between the habitat suitability model of one species
and a habitat suitability model generated from random points drawn within the background of
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another ecies. For each comparison, we calculated 100 random models, with random points
equal to the number of presence records and the background ofgeaettic groupelimited by

a minimum convex polygon created around the data points. Tests were conduc#gorwise
groupsand in both directions (i.easymmetric test). Rejection of the null hypothesis indicates that
ecological niches differ from random and are a function of habitat selection and/or suitability.
Failure to reject the null hypothesis iodies that niche differences might be simply due to the

background environmental differences available on their ra(\yasren et al. 2008, 2010)

Results
Habitat suitability model

After removing individuals with dubious location, we obtai@éd presencerecords for
the three genetigroupsdefined here396recordsfor L. guttulus488for L. geoffroyand 60for
hybrids(Figure 1)These records included 135, 140 and 60 genotyped samples from each group,
respectively. ©the individuals identified as hybrid&8% were from Rio Grande do Sul siate
southernmost BraziHowever, following the criterfar defininghybrids used herehere were 13
individuals identified as potential hybrids in areas previously not descrilgtybyet al. (2013b)
2 in Parana state and 2 in Santa Catarina state, within the limits of the Atlantic Forest in Brazil; 2
in Uruguay and in Argentina, witim the range ol. geoffroyi Interestingly, of the 7 hybrids
identified in Argentina, 4 of them were from the northern region of the country, characterized by

the presence of open forests

After filtering the presence points to obtain similar densitigescthe study areas, each
subset of presence data contain2til, 234 and 39 records far guttulusL. geoffroyand hybrids,
regpectively. For eachenetic groupthe 10 models generated were highly correlatath each
other (r>0.4, p<0.001), althouglsome variables selected in each model varied (Supporting
information, Table3. The models of the parental species were well supported, with an OOB error
rate around 20% and a Kappa index -50ufhile the models of the hybridgere somewhat less
suppored (OOB ~ 25%, Kappa ~ 0.47) (Supporting information, Té&bl@Hss difference in

performance is probably due to the smaller number of presence data ueglhpbrid analysis.
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ForL. geoffroyithe most important variable wasecipitation, withthe highest probability
of occurrence at low annual precipitation levels (< 1,000mm). Temperature, solar radiation,
elevation and livestookere alsamportantfor the model. Occurrence frequenaas positively
correlatedwith annual men temperatures and solar radiation indices, and negatively correlated
with elevation. For livestock, the model presented high probability of occurrence when livestock
density is around zero, and a positive relation when livestock density is abiodaBdials/kn?.
Cropland and shrubland were also selectedanwst ofthe models: the species present high
suitability values in shrubland areas and areas with low cropland indices (Supporting information,
Figure S1).

ForL. guttulus solar radiation, temperata, precipitation and elevatiopresentedthe
largest contributionto the models.This species hd high probability of occurrence at solar
radiation indices between 13000 and 15000 kWh/m?a, annual precipitation levels above 1,800mm
andwith increasing eleation. Areas with mean annual temperatures betweer2 1€ hal the
highest probability of occurrencandthe probabilityof occurrencedroppeddramatically in areas
with mean annualemperatures higher than 2C.Cropland andleciduous forest were posiély
related with L. guttulushabitat selection whereas the specieshowed a medium to high
probability of occurrence with value§NDVI between 0.45 to 0.55 and increasing probability of

occurrence when NDVI valugsre higher than 0.7 (Supporting infoation, Figure S2).

Finally, for hybrids{ropland areasncludingremnants of natural vegetatiéhwvas the
variable withthe highest contributiorto all models, showing a positive relationship with their
probability of occurrence. Tree cover, shrubland and elevation were also selected as important
variablesHybridshad alow occurrence probability in shrubland areas or in altitudes higher than
500m.The models also indicat¢hat the presence of at least 10% of tree canopy cover is essential
for hybrid occurrence. However, above this perctrg,probability of occurrence remaad very
high regardlessfthe amount of tree canopy cover (Supportinginiation, Figure S33uggesting
a nonlinear threshold in canopy cover (e.g., Cushman and LewisQ0a@)l) the hybridrandom
forest models indicated high suitability in the hybrid zok®wever, the model predicted that
suitable habitat is rtaestrided to this areaas ahigh probability of occurrenagas also predicted

within parental ranges. According to the modekas suitable thybridsextendto the south of
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the hybrid zone, in Uruguay and northeastArgentina, withirthe L. geoffroyrange;and to the
north, surroundingd-. guttuluspredicted suitable areas, entering the Cerrado biome, in central

Brazil (Figure 2).

Figure 2¢ Predicted habitat suitability model far guttulusL. geoffroyand hybrids generated

with the Random Forests algorithm.

Niche divergence

Predicted suitable habitats differed betwethie three groupsThe spatial difference in the
probability of occurrence demonstrated high divergence in habitat requirements between the
parental species, with a small overlapping area. When predicted suitability maps were compared
between hybrids and parental speciegbhds presented mainly equal or higher suitability values

than parental species within the hybrid zone and ingurthe parental ranges (Figure 3).

According to the density profile of occurrence points, parental species presented
significantly differat niches for all the analyzed variableselestingly hybrids presented

tolerance rangeshat were more similar toL. guttulusthan to L. geoffroyi Of the analyzed
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