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RESUMO

A dispersao é o resultado da interacao de um conjunto de atributos do individuo com o meio o qual
pode ser moldado ao longo do tempo recente ou mais profundo. A partir disso, diferentes cenarios
ecoevolutivos podem ser inferidos. Adicionalmente, a maneira como as espécies dispersoras
interagem com o meio pode afetar as dindmicas ecoldgicas e evolutivas da prdpria espécie e as
interagbes com outras espécies. Portanto, a dispersdao pode ser causa, mas também consequéncia
de processos ecoevolutivos. Sendo assim, a presente tese se propde investigar como distintas
dinamicas ecoldgicas e evolutivas relacionadas ao processo de dispersdao de borboletas afeta e é
afetada por diferentes processos. Para avaliar isso, atributos morfolégicos e sequéncias gendmicas
foram utilizadas para avaliar a dispersdao a nivel micro e macroevolutivo. Quanto as estruturas
morfoldgicas, a asa é o principal atributo morfoldgico que pode ser utilizado em associacdo com
outras estruturas para predizer a capacidade dispersora. Somado a morfologia, a informacao
genética também prediz dispersdao através do compartilhamento de sequéncias genéticas
semelhantes entre distintas popula¢des. Neste sentido, a presente tese se propGe a avaliar os
efeitos e as consequéncias de diferentes processos que atuam sobre os atributos morfoldgicos
dispersivos, mas também as consequéncias da capacidade dispersora sobre os processos de
diversificacdo de Nymphalidae. Para isso, estruturamos a tese da seguinte forma: (i) Propomos um
arcabouco tedrico para investigar as principais etapas e filtros que atuam e moldam a forma da asa
de borboletas, apontando os estdgios de desenvolvimento mais propicios para as modificacdes,
desde os niveis micro até macroevolutivos (Capitulo 1); (ii) Testamos empiricamente o efeito de
diferentes filtros ambientais numa escala local e microevolutiva. Distintas dimensdes ecoldgicas
foram consideradas, desde o nivel de individuos e de popula¢gdes (genémica) como o de
comunidades (taxonémica) (Capitulo 2); e, (iii) Testamos empiricamente diferentes modelos
evolutivos que poderiam explicar a evolugdo dos atributos morfolégicos relacionados a dispersao.
Somado a isso, avaliamos como estes atributos estdo afetando processos de especiacdo e extingao
de Nymphalidade (Capitulo 3). Como principais achados desta tese sugerimos o primeiro arcabouco
tedrico para o entendimento das principais etapas que moldam a forma da asa, sendo o periodo
entre o estagio larval e pré-pupal o mais importante. Empiricamente, encontramos uma
simplificacdo genémica em locais com cultivo convencional de banana. Ja num tempo mais profundo
de tempo, encontramos que atributos relacionados a dispersdo evoluiram por deriva ao longo da
historia de Nymphalidade e distintos filtros, bidticos e abidticos, podem ter atuando sobre a
evolugcdo dos atributos relacionados a capacidade de dispersdo, conferindo a eles uma interagao
diferente com processos de especiacdo e extingdo. Formas da asa mais extremas, alongadas ou
arredondadas, estiveram mais relacionadas a maior taxa de especiagdo, enquanto que a proporg¢do
entre volume do térax e drea da asa apresentou uma relacdo linear inversa a taxa de especiagao.
Neste sentido, a presente tese contribui para o entendimento da dispersdo desde o nivel micro até
macroevolutivo sugerindo e testando de maneira inédita um arcabougo tedrico para o
entendimento da variacdo na forma da asa de borboletas.
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INTRODUCAO GERAL

A dispersdao é um processo que possibilita o entendimento da ocorréncia e da
persisténcia de individuos, populacdo e comunidade ao longo do tempo e do espaco. O
movimento de um individuo a partir de um local de nascimento até um ou sucessivos locais
de reproducdo (Ronce, 2007) é resultado da integracdo de fatores genéticos, morfoldgicos,
fisiologicos e, algumas vezes, comportamentais de um individuo com o ambiente (Clobert et
al., 2009). Essa complexa relagdo combina caracteristicas individuais aos efeitos ambientais
e pode afetar diferentes escalas espaciais e temporais, desde local até regional, assim como,
desde o nivel micro até macroevolutivo. Entretanto, além da capacidade de modificar
diferentes aspectos ecoldgicos e evolutivos a dispersdo também estd sujeita aos efeitos de
diferentes pressoes seletivas, as quais podem moldar os seus atributos e, por conseguinte,
afetar a sua interacdo com o meio. Sendo assim, a dispersdo pode ser causa, mas também
consequéncia dos processos ecoldgicos e evolutivos (Clobert et al., 2012). Neste sentido, a
presente tese propde um arcabouco tedrico a fim de identificar as principais etapas e
impactos de diferentes pressdes seletivas (bidticas e abidticas) sobre a morfologia da asa de
borboletas (Capitulo 1) e posteriormente, testa empiricamente os efeitos de diferentes
filtros sobre os processos ecoevolutivos relacionados a dispersdo, tanto numa escala micro

(Capitulo 2) como macroevolutiva (Capitulo 3).

A caracterizacdo da dispersao frequentemente emprega marcadores genéticos,
morfoldgicos e até mesmo a coocorréncia de taxons em lugares distintos, podendo ser
especificamente inferida por meio da (i) ocorréncia de variacdo alélica em algum gene
associado a dispersdo; (ii) alta similaridade genética entre individuos pertencente a distintas
populacdes, predizendo alta intensidade de fluxo génico; (iii) utilizacdo de medidas
morfoldgicas relacionadas a intensidade de movimento; e (iv) coocorréncia das mesmas
espécies em diferentes comunidades. Dentre estas, a morfologia é a maneira mais utilizada
para inferir dispersdo devido a facilidade de obtencdo dos dados e baixo custo. No entanto,
o surgimento recente do sequenciamento de Nova Geracdo (Next Generation Sequencing —
NGS) revolucionou as investigacGes evolutivas possibilitando genotipar marcadores SNPs
(Single Nucleotide Polymorphism) em larga escala para organismos que ndo possuem

genoma de referéncia. Estas particularidades tornam esse método atraente para estudos de
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genética de populacdo a nivel gendmico (Baird et al., 2008) inclusive permite avaliar o fluxo
génico de forma mais refinada. Neste sentido, estudos avaliando a dispersdo a nivel
molecular tém se popularizado. Dentre os diferentes NGS, sequenciamentos de
representacdo reduzida como o RADseq (Restriction site Associated DNA Sequencing) tem
sido um dos mais frequentemente utilizados, por seu baixo custo e obten¢dao de um grande
banco de dados gendmicos que possibilita avaliar de forma mais refinada, eventos de
fragmentacdo e seus impactos sobre a formacdo das comunidades locais. Considerando que
o processo dispersivo pode ser uma caracteristica herdavel ou ser moldado pelo ambiente,
o entendimento dos aspectos genéticos relacionados a este processo possibilita entender o
guanto a variagdo da dispersao pode estar relacionada aos processos genéticos aditivos ou
pode ser explicada por variagdes ambientais, como, por exemplo, efeitos transgeracionais.
Quando moldada pelas condi¢des ambientais a dispersdo pode assumir um carater bastante
plastico, e a variacdo genética pode estar associada ao ambiente (Saastamoinen et al,,
2018). Neste sentido, os elementos moleculares seriam sensiveis ao ambiente e estudos
epigenéticos, bastante escassos até o momento, poderiam esclarecer o quanto uma

caracteristica é herdavel ou moldada pelo ambiente (Saastamoinen et al., 2018).

Somado a isso, a busca por sequéncias moleculares que possibilitem a inferéncia da
capacidade dispersora a nivel genOmico é importante para entender as dindmicas ecolégicas
e evolutivas relacionadas (Saastamoinen et al., 2018). Neste sentido, poderia ser predito a
velocidade de evolugdao de um fendtipo num cendrio de mudangas ambientais (Hoffman &
Willi, 2008). O qual, por conseguinte, possibilita avaliar os efeitos das mudangas climaticas
sobre a demografia dos organismos uma vez que poderia ser inferido o efeito sobre o
processo dispersivo (Saastamoinen et al., 2018). Assim sendo, as buscas por sequéncias
genéticas relacionadas a capacidade de dispersao em borboletas tém sido amplamente
estudada em “Glanville fritillary” (Melitaea cinxia) e a variacbes alélicas no gene Pgi
responsavel pela enzima celular (Mattila & Hanski, 2014) é o caso mais amplamente descrito
na literatura (revisado por Niitepold & Saastamoinen, 2017). Neste sentido, a ocorréncia de
um alelo especifico no gene Pgi esteve mais frequente em individuos que se estabeleceram
recentemente como populacdes isoladas (Haag et al., 2005). Neste mesmo sentido, Hanski
et al. (2004), encontraram que individuos que dispersam muito foram encontrados em

ambientes mais isolados sugerindo que a dispersao estaria associada com a capacidade de
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estabelecer novas populacdes. Analisando os dados obtidos por NGS em Drosophila
melanogaster, Jordan et al. (2012) encontrou que de 2,5 milhdes SNPs apenas 220
estiveram associados a 192 genes que apresentam alguma relagdo com a capacidade
dispersora. Por outro lado, destes, apenas 12 SNPs explicaram cerca de 60% da variacao

observada em ambos os sexos (Jordan et al. 2012).

Somado a isso, a informagdo genética possibilita acessar o parentesco entre
individuos e predizer a ocorréncia de reproducdo entre individuos, que é um processo pré-
requisito para a inferéncia da dispersao. Neste sentido, o compartilhamento de sequéncias
genéticas entre individuos que ocorrem em diferentes locais formando distintas popula¢des
representam a ocorréncia de fluxo génico. Além disso, a informacdo genética também pode
ser utilizada para inferir a diversidade genética dentro e entre populacdes de uma
determinada espécie. A diversidade genética possibilita avaliar o “status” de conservacao
das espécies e é, portanto, um fator fundamental para a resposta a diferentes disturbios,
pois, quanto maior a diversidade maior serd a possibilidade do organismo responder de
maneiras distintas a diferentes impactos, por exemplo. Uma vez que a variacao alélica pode
resultar em diferencas funcionais no organismo e com isso possibilitar o surgimento de
novas saidas frente a eventos catastréficos. Portanto, a informacgdo genética, possibilita a
inferéncia da capacidade de dispersdo através da ocorréncia de um alelo especifico, do
compartilhamento de sequéncias genética entre distintas populacdes (fluxo génico), mas

também a inferéncia de diversidade genética.

Comparativamente a informacdo genética, os atributos morfoldgicos sdo bons
preditos de mobilidade para borboletas, os quais ja sdo amplamente utilizados. Para insetos
os principais atributos utilizados para inferéncia da dispersdo é a relagdao entre o térax e a
area da asa (carga alar), a forma da asa (acessado mais frequentemente pelo indice aspect
ratio) e a forca muscular do térax (Van Dyck, Matthysen & Wiklund, 1998; Turlure et al.,
2010; Zera & Brisson, 2012). Considerando o nivel populacional a capacidade de grande
deslocamento através de processos migratérios resulta em diferencas morfoldgicas quando
as populagdes migratdrias sdo comparadas com as sedentarias. Por exemplo, individuos de
uma populagdo de Danaus plexippus com comportamento migratério apresentaram asas
mais alongadas e maiores do que individuos de populacdes residentes (Satterfield & Davis,

2014).
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Por outro lado, considerando os aspectos da dispersdo numa perspectiva de
comunidade, estudos que consideram a relacdo entre a informacdo gendémica aos aspectos
morfolégicos da assembleia sdo mais escassos. Neste sentido, as comunidades sdo
frequentemente preditas por uma medida morfolégica média para a comunidade. Neste
sentido, a formacdo de comunidades locais é resultado da interacdo de diferentes
dimensdes ecoldgicas entre elas a dispersao, a heterogeneidade ambiental e a equivaléncia
das espécies. Entretanto, o papel do processo dispersivo para a formacdo das comunidades
locais ainda permanece pouco compreendido (Logue et al., 2011) evidenciando a
importancia em compreender esse processo numa perspectiva de ecologia de comunidade
integrada a estudos de outros niveis ecoldgicos e evolutivos. Neste sentido, diferentes
escalas evolutivas e espaciais podem ser utilizadas para entender melhor os aspectos que
modulam a dispersdao. Levando em considera¢ao escalas locais, as alteragdes de habitats
gerada pelo uso e ocupacdo da terra sdo uma das principais forcas que afetam a dispersao
de borboletas as quais funcionando como barreiras (Enfjall & Leimar, 2009) e influenciam a
sobrevivéncia dos individuos. Sendo assim, podemos avaliar os impactos tanto a nivel
populacional quanto de comunidade através das informacdes morfoldgicas e evolutivas

nestes niveis, 0s quais podem estar associados entre si ou nao.

Neste sentido, um dos biomas brasileiros propicios para a melhor compreensao
empirica do papel e do efeito da dispersao e dinamica ecoevolutivas em borboletas é a
Mata Atlantica, pois, € uma drea altamente impactada pelo uso e ocupacao do solo (Ribeiro
et al., 2009). A expansdo da agricultura e da pecudria figuram entre os principais fatores
para a perda da biodiversidade nestes locais, apresentando alto nivel de fragmentacao
(Ranta et al., 1998; Costa & Futemma, 2006). Dentre os principais cultivos a plantacdo de
banana é a maior influéncia agricola no nordeste do Rio Grande do Sul. Os bananais foram
introduzidos durante os anos de 1960 através de um sistema convencional (producdo de
banana com pesticidas). Entretanto, desde 1991, varios produtores de banana se adaptaram
a ndo utilizacdo de pesticidas e passaram a cultivar banana orgénica (sem utilizacdo de
guimicos). Posteriormente, associado a esse sistema, um sistema mais complexo de cultivo
agricola foi incorporado nas areas, onde a producdo de banana foi realizada conjuntamente

com a plantacdo de outras espécies da fauna. Esse sistema que visa uma maior aproximacao
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estrutural e de biodiversidade com a area nativa original, recebe o nome de sistema

agroflorestal.

Além da fragmentacdo ambiental, que pode afetar a dispersdao de diversas espécies,
a incorporagdo de estudos que avaliam o cultivo agricola com utilizagdo de agrotdxico ou
plantio feito através de um sistema agroflorestal, possibilita acessar os efeitos dos quimicos
ou do cultivo agricola sobre a biodiversidade, mais especificamente sobre a dispersao e a
composicao genética de borboletas. Portanto, um conjunto de dreas formadas por cultivo
convencional e sistema agroflorestal podem ser comparados a dreas nativas, as quais
possibilitam avaliar o impacto dos cultivos e dos agrotdxicos sobre a biodiversidade.
Somado a isso, a drea de estudo possibilita testar diversas questdes tedricas e aplicadas
sobre as dinamicas ecoldgicas e evolutivas. Principalmente, considerando que o consumo de
agrotdxicos no mundo aumentou consideravelmente nos uUltimos anos e o Brasil esta entre
os cinco maiores consumidor de inseticidas (dos Santos et al., 2018). Neste sentido, estudos
gue avaliam os efeitos da utilizacdo de agrotdxicos em cultivos agricolas atuando sobre a
biodiversidade sdao extremamente importantes levando em conta o crescente estimulo para
liberacdo de mais agrotdxicos no Brasil a partir de proposicdes de projeto de leis (PL), como
a numero 6299/02, chamada de PL do veneno que podem comprometer a biodiversidades e

diversos servicos ecossistémicos.

Adicionalmente a isso, e considerando uma perspectiva em escala temporal maior,
podemos investigar como a dispersdo, acessada por atributos morfolégicos, evoluiu e
afetou processos de diversificacdo. A utilizacdo de atributos associados a informacdes
filogenéticas, através dos métodos comparativos, possibilita a inferéncia de fatores que
podem ter moldado a evolugao do atributo ao longo do tempo. Considerando que distintas
forcas evolutivas atuam nesta escala maior de tempo, diferentes cenarios ecoevolutivos
podem ser inferidos para explicar a evolucao do atributo. Dentre os distintos cenarios que
podem ser preditos estd a estocasticidade, a deriva, a radiacdo adaptativa ou a selecao
direcional. Areas que incorporam estudos macroevolutivos tém crescido bastante nos
ultimos anos devido as novas e mais robustas inferéncias filogenéticas que estdo mais
refinadas e préximas da realidade. Embora a inferéncia dos fatores causais ainda seja mais
dificil de serem previstos, uma vez que ndo temos acesso a atuacdo deste no tempo

profundo, algumas possibilidades podem ser previstas.
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Ainda numa escala macroevolutiva, a dispersdao também pode atuar como causa,
afetando distintos processos ecolégicos e evolutivos (Clobert et al.,, 2012). Estudos
macroevolutivos possibilitam entender, por exemplo, como a dispersdao pode ter
influenciado os processos de diversificacdo de espécies, seja da propria espécie dispersora
como de espécies relacionadas. Neste contexto, considerando que a ocorréncia da
dispersao a nivel populacional esteja acompanhada por reduzido fluxo génico entre distintas
populacdes e que processos de selecdo natural afetem a taxa de especiacdo (Garcia &
Trewick, 2014), encontraremos um aumento na taxa de especiacdo quando as populagdes
permanecem separadas por um longo tempo (Butlin et al., 2009). Um modelo bastante
interessante é o da dispersao intermediaria, o qual prediz que individuos com alta e baixa
capacidade de dispersdao apresentam uma reduzida taxa de especiacdo, enquanto que
individuos com dispersdo intermediaria apresentaria maior taxa de especiacdo (Mayr,
1963). Embora, poucos trabalhos empiricos tenham encontrado esse padrao, o uso de
dados continuos para inferéncia da intensidade de dispersao pode ser utilizado para avaliar
essa hipdtese. Tentando explorar essa perspectiva, alguns trabalhos avaliaram essa
hipotese, mas acabaram por encontrar uma relacdo linear inversa entre capacidade de
dispersdo e taxa de especiacdo (Claramount et al., 2011). Claramount et al. (2011) ndo
corroboram a dispersdo intermedidria relacionada a alta taxa de especiacdo, mas
encontraram uma relagao inversa do valor da dispersdao com a taxa de especiacao, estudos
nesta linha possibilitam esclarecer muitos aspectos ecoevolutivos ao longo do tempo mais
antigo. Estudos que avaliam a dispersao considerando uma perspectiva macroevolutiva
possibilitam inferir os efeitos da dispersdo sobre os processos de diversificacdo, os quais
podem ser usados em associa¢do as estratégias de conservagdao e manutengao das espécies

e da biodiversidade de borboletas.

Neste sentido, insetos sdo bons organismos para responder as alteracGes e pressdes
seletivas devido a forte relagdo com o meio, portanto, representam um grupo importante
para avaliar as causas e efeitos da dispersdo sobre diferentes escalas evolutivas (Dikotter et
al., 2007). A presente tese foca-se no estudo de borboletas como organismo escolhido para
responder diversas questdes ecoevolutivas. De modo especial as borboletas,
frequentemente utilizadas como organismo de estudo, refletem algumas caracteristicas

peculiares incluindo a sua intima associacdo com o ambiente onde vivem, através de uma

15



relacdo estreita com recursos e fatores bidticos e abidticos em diversas escalas, desde micro
habitats até grandes paisagens (Machado et al., 2008; Freitas & Marini-Filho, 2011). Dentre
os diferentes grupos de borboletas, Nymphalidade é uma familia de ampla distribuicdo, é a
mais diversificada em termos de habito e morfologia, e apresenta o maior nimero de

espécies conhecidas (Duarte et al., 2012).

A presente tese foca principalmente no processo de dispersdo, como causa e
consequéncia de dinamicas ecoldgicas e evolutivas, tanto a escala micro até macro evolutiva
foi investigada. Embora, a dispersdao seja o cerne central outras informagdes bioldgicas
como a diversidade gendmica e de espécies também foram incorporadas, assim como efeito
de diferente uso e ocupacdo do solo. A dispersdao na presente tese foi acessada através de
medidas morfoldgicas, filogenéticas e genéticas. Finalmente, estruturamos a tese em trés
capitulos, os quais tentam explorar aspectos micro e macroevolutivos da dispersao.
Primeiramente, realizamos uma ampla revisdo e propomos um arcabouco tedrico e depois

com dois estudos empiricos, um numa escala micro e outro macroevolutivo.

Os capitulos sdo:

- CAPITULO 1. Mais do que cores: uma abordagem ecoldgica evolutiva para a diversidade
de formas de asa em borboletas

(Capitulo em fase de impressdo, volume 54 do livro Advances in Insect Physiology)

A asa é uma estrutura fundamental para o movimento de organismos alados. Considerando
isso, realizamos uma ampla revisdo sobre os principais fatores (bidticos e abidticos) que
afetam a forma da asa de borboletas. O impacto destes fatores foi avaliado levando em
conta as principais etapas de desenvolvimento das borboletas, onde a variacdo morfoldgica
estaria mais suscetivel as pressdes ecoldgicas e evolutivas. Para isso diferentes niveis
evolutivos foram considerados desde o nivel micro até macroevolutivo. A ocorréncia
repetida de alguns processos microevolutivos ao nivel de individuo, populacdo e
comunidade possibilita identificar padrdées macroevolutivos, se considerarmos estudos num
tempo maior, macroevolucdo. Neste nivel, é possivel inferirmos a ocorréncia de pressées

seletivas que moldaram a morfologia ao longo da evolugdo. Dentre os fatores bidticos que
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estariam moldando a forma da asa, a formacdo de anéis miméticos através da convergéncia

morfoldgica para um determinado padrao, foi uma das pressdes seletivas consideradas.

- CAPITULO 2. Impactos de sistema agroflorestal e convencional de cultivo de banana
sobre diversidade gendmica e de espécies de borboletas

(A ser submetido a Journal of Applied Ecology)

Adentrando os aspectos microevolutivos, avaliamos de maneira empirica como os
diferentes tipos de cultivo de banana estariam moldando a informag¢dao gen6mica dentro de
uma espécie e a diversidade taxondmica de espécies de borboletas. Para isso, acessamos a
informacdo genOmica e dispersiva de uma espécie amplamente distribuida dentre as areas
amostradas, Heliconius ethilla narcaea. Utilizamos a informagao molecular para inferir fluxo
génico e diversidade, a fim de avaliar se os individuos estdo estruturados em populac¢des
genéticas e acessar se a diversidade genOmica das populacoes é afetada pelos diferentes
tipos de cultivos agricolas. Investigamos também se a diversidade taxondmica de espécies
responde aos diferentes cultivos e se esta correlacionada a diversidade gendmica. Como
principal achado, encontramos uma simplificacdo genbmica em locais de cultivo

convencional em comparacgao as borboletas de cultivo agroflorestal e area nativa.

- CAPITULO 3. Processos macro evolutivos de dispersio sobre a diversificagio em

Nymphalidae
(A ser submetido a Proceedings of the Royal Society B: Biological Sciences)

Avaliamos as causas e as consequéncias do movimento dispersivo na familia Nymphalidae.
Para isso a capacidade de dispersao foi inferida através de diferentes medidas morfoldgica e
avaliada numa escala macroevolutiva. A dispersdo como consequéncia, ou seja, sendo
moldada ao longo do tempo profundo, foi acessada por modelos evolutivos. Por outro lado,
considerando a dispersdao como fator causal, ou seja, a capacidade de moldar processos
ecoevolutivos, foi avaliada através de dois métodos distintos. Os atributos morfoldgicos

evoluiram principalmente por deriva, os quais apresentaram uma relacdao diferente com
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processos de especiacdo e extingdo, provavelmente relacionadas as distintas caracteristicas

do processo dispersivo, como a velocidade e a desempenho de vbo.
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Abstract

Wings are key innovations that have revolutionized the life of winged organisms and
have moulded terrestrial ecosystems through new interactions (e.g. pollination).
Among flying organisms, butterflies draw attention for their astonishing diversity of
colour patterns, but their wings are much more than colours. The wing morphology
may vary for different reasons, including communication. Thus, the different factors,
acting together or under conflicting ways, moulded the wing shape. Mimicry rings are
promising model systems for evaluating the evolution of wing shapes since trait
convergence for mimicry is an identifiable force among others selective pressures. An
eco-evolutionary framework can help us disentangle the relative role of each step in
the evolution of wing shapes. Biotic and abiotic filters can affect wing morphology
through pathway changes during the ontogeny, including sexual dimorphism,
developmental trade-offs, nutritional food quality and environmental conditions.
During the adult stage, both sexual and natural selection determine the combination
of genes that are selected and will persist for future generations. All these selective
pressures acting repeatedly over the time must result in different macroevolutionary
scenarios of traits, like as genetic drift, vicariance, adaptive radiation and speciation.
Finally, we propose that comparative studies on mimicry rings, with closely related
species presenting changes in wing morphology according to both environmental and
sexual behaviour, including sex-limited dimorphism, can be useful systems to

understand the role of selective pressures driving the evolution of wing shapes.
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Introduction

Currently, the ability to fly is present only in insects, birds and bats. It is an
extraordinary trait that has revolutionized terrestrial ecosystems, encouraging new,
wondrous interactions, including, for example, specialized pollination systems (Regal,
1977). The wing is the key innovation for winged organisms that allows for travel
through open-air offering solutions for many organismal demands (Alexander, 2015).
Movement through the air favoured the exploration within and among different
habitats, the search and exploration of new adaptive zones, the expansion of the
distribution range across large geographical regions and the transposition of high
elevations and to fly through the long distance between seasons (e.g. DeVries et al.,
2010; Greenslade et al., 1999; Johnson, 1969). Flight-related traits should be important
in determining fitness, as the ability to take flight improved foraging efficiency,
territorial defence, mate search, escape of predation and avoidance of inadequate
conditions (Grimaldi and Engel, 2005; Norberg, 1990). Besides the primary flying
function, the wing can operate with communication signals, acting in sexual and
territorial displays, in cryptic (camouflage) or warning defence (Batesian and Millerian
mimicry), in thermoregulation and other behaviours (e.g. Baker, 1972; Betts and
Wootton, 1988; Davies, 1978; De Keyser et al., 2015; Kingsolver, 1985; Papageorgis,
1975). Studies underlying different functional aspects in wings have allowed for a
greater understanding of both the history and the selective pressures throughout the
evolution of winged animals. In this review, we will use the concept of functional traits
from Violle et al. (2007) in which the trait could be what impacts fitness indirectly on
growth, reproduction and survival. Wing size and shape, for example, result from

interactions between adaptive process, phylogenetic history, developmental
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constraints, as well as on the macroevolution scale (Bai et al.,, 2012; Chazot et al.,
2016; Grimaldi and Engel, 2005). Thus, studies that look for the relationships between
trait functionality and adaptation under micro- and macroevolutionary scales may
allow wus to understand different selective pressures and constraints on
ecomorphological traits (Fig. 1). Simultaneously, we could come closer to learning the
true history of wing shape variation as a result of different processes across time.

One promising winged group that could help to evaluate micro- and
macroevolutionary process are the butterflies. As noted by Bates (1864), the relevance
of these insects for Biological Science would one day be recognized by the adaptive
messages “written” on the expanded wing surfaces of butterflies. Surely, Bates wrote
this in the context of his recent discoveries on the adaptive significance of wing colour
pattern convergence—Batesian mimicry (Bates, 1862). Today, butterflies are model
organisms in evolutionary biology, including genetics, physiology, development and
ecology (Beldade and Brakefield, 2002; Kronforst and Papa, 2015). This group is closely
related with the environment where it lives, having a high association with biotic and
abiotic resources and factors at different scales, from micro-habitats to large
landscapes (Bonebrake et al., 2010; Brown, 1997; Freitas and Marini-Filho, 2011).
Therefore, butterflies could respond to natural or anthropogenic changes in a short
period of time and thereby help us to understand eco-evolutionary processes, such as
different spatial scales, time, intensity and frequency of these influences. The selective
pressure on butterflies can affect different aspects. Thus, they also can be used to
explain the effects of these changes on growth, reproduction and survival. Wing shape
is one of these remarkable traits that can uncover the history of the sexual selection,

dispersion, flight type, speciation and diversification. All of these processes can evolve

24



in conflict with morphological convergence to mimicry rings (Srygley, 1994). In this
case, the similarity to one pattern is dependent on the place where species distantly
related occur. Therefore, distinct convergent patterns occur in others place. The
mimicry ring act strongly shaping the morphological trait, therefore, its power could
compete with other forces evolutionary.

The micro- and macroevolutionary processes could be understood by looking
for DNA sequences; however, in microevolution the change occurs with gene
frequency within populations and over short periods of time. On the other hand, for
macroevolution, the objective is at the species level, and in order to understand this,
we need look to the tree of the related species accessing the diversity of the clade (Fig.
1). Using phylogenetic methods, we can investigate how wing traits change over time
considering how geographic or other ecological factors (microhabitat use and sexual
selection) and macroevolutionary processes (shared ancestry) act on wing evolution.

Recently, there is an increasing in studies on macroevolution approach due to
the advent of robust and almost complete phylogenetic hypothesis based on several
marks and molecular clocks, calibrated with fossils for dating with confidence (Cadotte
and Davies, 2016). These advances have made it possible to understand the tempo and
mode of evolution for several living species/lineages. This emergence of analytic tools
makes it possible to evaluate how morphological traits evolved and propose some
selective pressure that could have acted under it. In this view, it is important to
consider the different functions associated with both the traits, the historic and
developmental constraints. Integration between the functional and macroevolution
approaches can clarify how forces operate upon the evolution of traits. Seeing how

selective pressures affect the wing shape variation on the mimicry ring contexts was
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described by Srygley (1994) as one possible solution for finding evidence of
convergence on wing shape between comimetics, separating one from the other
effects. Moreover, it is important to choose appropriate tools, since the non-
convergence in the shape of the wing (Srygley, 1994), may be the result of inadequate
tools. For butterflies, this is an emerging avenue of research, and many recently
published papers addressing the evolution of wing shapes and its relation to
environmental transitions and mimicry (e.g. Cespedes et al., 2015; Chazot et al., 2016;
DeVries et al., 2010; Jones et al., 2013; Merot et al., 2016; Rossato et al., 2018). In this
review, we present the recent advances in the study of wing shapes and discuss the
different aspects that act on wing morphology in butterflies, taking into account: (i)
ontogenetic drivers (Fig. 1, step A); (ii) impact of the biotic and abiotic filters (Fig. 1,
steps A—C); and (iii) the macroevolutionary process (Fig. 1, step D). Finally, we present
an eco-evolutionary framework identifying what is potentially driving the evolution of

butterfly wing shape diversity.

Wing shape and function

The primary function of the wing is locomotion. In this sense, much of the wing shape
studies are focused on flight physics, material properties and aerodynamics (revised in
Wootton, 1992, 2002). Affecting drag or lift, and thus flight behaviour, the wing size
and shape are strongly related to physical wing properties (Berwaerts et al., 2002;
Chazot et al., 2016; Dudley, 2000; Wootton, 1992). Moreover, wing shape is related to
many other ecological functions, as sexual dimorphism and adaptive convergence to

mimetic ring (Rossato et al., 2018), being a sound predictor of functional adaptation.
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Thus, wing shape can be a good proxy of different processes and can be used to

answer an array of questions in winged organisms (Johansson et al., 2009).

Evaluating the Wing Shape

Usually wing shape information is widely evaluated by means of the aspect ratio
index—proportion between length and wing area (Betts and Wootton, 1988; Bots et
al., 2012; Hassall, 2015; Johansson et al., 2009), or through the use of the elliptical
Fourier (Ferson et al., 1985; Holwell and Herberstein, 2010; Jones et al., 2013).
However, the best way to obtain the shape is by removing the size, rotation and
translation information (Bookstein, 1991), though of generalized procrustes analysis
(GPA) (Rohlf and Slice, 1990) in geometric morphometrics (GM) (Adams et al., 2004).
GM uses a Cartesian landmark coordinates to obtain the shape of the wing set, solving
the problems of linear measurement when the same set of linear measurements can
be obtained from different shapes (Van der Molen et al., 2007). This technique is
widely used in many research areas in biology, including ecology, evolution,

development, zoology, botany, taxonomy and even palaeontology.
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Fig. 1 The eco-evolutionary framework depicted micro- and macroevolutionary processes
acting on wing shape diversity in butterflies. At the top, the selective pressures that could act
on a small scale of individuals level are represented (steps A, B and C), which with much
repeated time could result in macroevolutionary scenarios described by distinct models of
evolution (step D). Step 1A starts in the immature stages, which are affected by biotic and
abiotic conditions through ontogeny and is the main stage for the epigenetic controls. Arrow
inside the filter represents the ontogenetic framework being molded by biotic (e.g. predation)
and abiotic (e.g. food quality, environmental conditions) filters. The interaction of these
external factors with individuals features may influence the gene expression, also by the
epigenetic control. Dotted arrow, after to pupal stage, shows that similar genotypes could
result in distinct wing shapes (asymmetry, convergence, modularity, divergence, allometry)
depending of the power of the selective forces. Step B starts with adult genetic information to
be selected for biotic (e.g. predation) and abiotic (e.g. habitat type) factors, this step ends at
the egg stage as result of mating with genetic information selected and survival to predation.
Step C is the restart of this cycle of the selections acting on individuals. Step D starts the
macroevolutionary process, a consequence of several recurrent cycles of microevolutionary
steps (A, B and C) through evolutionary time of lineages. Dotted arrow shows the possibility of
distinct evolution models occur, each one reflects different evolutionary hypotheses on the
time (BM, Brownian model; OU, Ornstein—Uhlenbeck; EB, early-burst; kappa).
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GM analysis revolutionized the way that we study the shape morphology in
many organisms, particularly in butterflies. This emergence increases the knowledge to
a better understanding of the different selective pressures acting on morphological
traits that can be a result of evolutionary history and ecological processes. Thus, for
butterflies this method is crucial, since the evaluation of phenotypic plasticity of the
wing shape of Pararge aegeria (Breuker et al., 2010), to study biogeographic scenario
including cryptic species combined with genetic markers to explain the relationship
between historical dispersal and morphological variation (Dinca” et al., 2011). In
mimetic Heliconius butterflies, Jorge et al. (2011) evaluated the wing variation of
Heliconius erato rearing on distinct host plant species, and Jones et al. (2013)
evaluated the wing shape variation and convergence in a complex of mimicry
butterflies. Also, Merot et al. (2016) evaluated the phenotypic resemblance between
comimics in different localities with varying species composition. Finally, Rossato et al.
(2018) evaluated the resemblance of the wing and red band between the spatial

cooccurrence of comimetic species.

Allometry

The morphological variation in organism bodies is integrated (Olson and Miller, 1958).
The study of the different growth rates between parts of the individual and the
corresponding impact of these changes under the perspective of ecology and evolution
is known as allometry (Huxley and Teissier, 1936). Allometric variation can be
evaluated at different levels, between individuals of the same population and the
same stage of development (static), between different stages of development

(ontogenetic) and throughout the evolutionary history (phylogenetic) (see Cock, 1966;
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Klingenberg and Zimmermann, 1992; Moreira et al., 2017). Rossato et al. (2018) used
the allometric index to understand differences between the red band and wing size in
males and females in some butterfly species in a mimetic ring. Furthermore, we can
also call allometry the relationship between size and shape since these parts must vary
in a coordinated manner, change in size will result change in shape, so that each
organism forms a completely functioning whole (Cheverud, 1996; Olson and Miller,
1958). The GPA of GM removes the isometric effect, but not the allometric
relationships. Thus, this approach does not consider the changes in shape when the
size has changed. In a critical review, Outomuro and Johansson (2017) compared
different studies on GM analysis and the relationship between shape and size, and
found that size explains 88% of shape variation, suggesting the importance in
incorporating the size in order to understand shape variation. In addition, Outomuro et
al. (2013) studying wing shape allometry and aerodynamics in calopterygid damselflies
suggest that the relationship between wing shape and size is taxa-specific and differs
among closely related lineages.

Still, to analyse wing shape and the factors that impact it, the allometry is
probably the best way to assess the potential contribution of size on the shape
variation. This inclusion will not only be more informative and will enable a better
understanding of the relationship between shape and size (Outomuro and Johansson,
2017), but also the variation on the growth rate between different parts of butterflies

related to different selective pressures.
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Modularity

Another important aspect of the wing shape is the modularity: the idea that some
parts or regions (modules) of a structure are internally integrated by interactions
among traits but are relatively independent from other modules (Klingenberg, 2008).
The role of developmental and genetic integration in evolution is contentious. One
hypothesis states that integration acts as a constraint on evolution, whereas an
alternative is that developmental and genetic systems evolve to match the functional
modularity of organisms (Klingenberg et al., 2010). This question was studied by
Klingenberg et al. (2010) who examined morphological structures using GM in the
cricket wing where developmental and functional modules are discordant, making it
possible to distinguish between the two alternatives. The patterns of genetic,
phenotypic and developmental integration were clearly similar, but not identical. In
this sense, the hypothesis that genetic and developmental integration evolve to match
functional modularity can be rejected (Klingenberg et al., 2010), on this case. Fore and
hind wings originate from distinct imaginal discs, so it is expected that wings are
developmentally autonomous. These two pairs of wings constitute two developmental
modules in which groups of traits evolve relatively independently of each other
(Breuker et al., 2006), that is, different wings can play different functions in flight
(Grodnitsky et al., 1994). To understand the integration of wings and the extent to
which it relates to ecology is a fundamental question for understanding the evolution
of butterfly wings. We can assume different functions during flight may have led to a
different pattern of wing size and drive diversification (Klingenberg et al., 2001). It is
known that forewings drive flight in butterflies (Dudley, 2000) and when the hind

wings are removed, the butterfly is still able to fly, so hind wings do not contribute to
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normal flight (Jantzen and Eisner, 2008), suggesting that hind wings can be related to
increase flight speed and manoeuvrability. Therefore, Chazot et al. (2016), while
evaluating shapes using morphometric tools, found that both fore and hind wings were
similarly affected by microhabitat, both were more elongated in canopy and more
narrow rounded in understory, even though they have different involvements in flight.
Moreover, they found that wings are more integrated rather than modular, showing
similar functionality. The combination of fore and hind wings can change in different
microhabitats, and this disappears when the phylogeny effects are controlled. The
covariation of fore and hind wings is the result of functional constraints driven by
microhabitat; it cannot be distinguished from a neutral phylogenetic signal (Chazot et
al., 2016). Focusing on the degree of modularity of different regions of the wings and
across fore and hind wings at various levels (intra- vs interspecific, Klingenberg, 2009),
should provide future insight into the developmental and functional integration of
butterfly wings (Allen et al., 2008; Frankino et al., 2007). Additional to this, could be
interest to see the modularity into the same wing, for understand how the veins and
parts of the wing answer for different environmental conditions, and for different
selective pressures, to mimicry butterflies, could getting the aspect of belonging to ring
mimic, like the red band shape in Heliconius postman, compared with whole wing

shape.

Phylogenetic Relationships

The differences in wing shapes analysed in a phylogenetic context can clarify many
functional aspects, since the species are not independent entities. Consequently, the

observed traits can be biased due to shared ancestry rather than evolutionary
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differences (Harvey and Pagel, 1991). In other words, wing shape can be a
phylogenetic constraint and not moulded by interaction with the environment. Thus,
when we intend to understand whether the change in wing shape is a result of the
interaction with ecological and evolution processes, it is important to consider the
relationship between the phylogeny and traits, since the trait values can have a high
phylogenetic signal and not be the result of the selective pressure on the trait, but of
shared evolutionary history. Thus, incorporating phylogenetic correction can help us to
understand the evolutionary history and ecological processes on trait evolution
(Blankers et al., 2012; Magurran, 2004). Looking at the phylogenetic analysis acting
upon the community context, the taxa that are more phylogenetically distant in their
composition will have greater phylogenetic diversity in relation to the other
community that has closely related taxa (Sobral and Cianciaruso, 2012). This diversity
of evolutionary scenarios can reflect trait diversity when these traits evolve for drift,
without selective pressure. However, to evaluate if some selective pressure acting on
wing shape is important to remove the effect of shared evolutionary history from the

trait.

Ontogenetic drivers

Understanding the origin of morphological variation is the main goal of evolutionary
developmental biology (evo-devo). Derived from a precursor group of 30 cells that
invaginates from the embryonic ectoderm, the butterfly wing is a morphological
structure with quantitative multivariate change both at intraspecific and interspecific
levels (Houle et al., 2003). Specifically, the wing shape can show some parts with

strong patterns of covariation (Klingenberg and Zaklan, 2000), whereas others are
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independent (Weber, 1992). The shape of the wing discs changes throughout their
growth phases in a species-specific pattern. These changes, in the aforementioned
instance, must be related to changes in cell processes such as proliferation, shape
change, movement and death. Additionally, the wing shape could be affected by genes
with prominent developmental roles outside the wing, such as the transcription factors
invected, engrailed and scalloped, as well wingless, decapentaplegic and vestigial
(Baena-Lopez and Garcia-Bellido, 2006; Carreira et al., 2011; Huang and Huang, 2005).
In this view, most of the growth and differentiation of the wing occurs during the late-
larval, prepupa and pupa stages; and the orientation of division plays a key role in
determining organ shape (Gillies and Cabernard, 2011). Therefore, the evolution in the
shape of the wing begins with a change in the progressive spatial pattern of the cell
division. But, although the differentiation of the vein morphology occurs during the
stage of development of the pupa, it is still in the larval stage that the group of cells
expresses the vein-specific proteins during the larval phase and its patterns are
generally used to characterize the wing shape through GM tools. These stages begin at
the molecular level with highly polygenic genetic inheritance making it difficult to
attribute a general understanding of variation in wing size and shape to just one gene.
Jones et al. (2012, 2013) suggest that the P supergene can be involved in the control of
the wing shape among morphs in Heliconius numata. This genetic information affects
the growth and several cellular processes controlled by the patterned distribution of
morphogenesis. However, it is difficult to establish a real causal relationship between
specific morphogenesis distribution and specific tissue shapes. In this view, about 50%
of the transcriptome exhibits changes in expression during the time course of wing

development (O’Keefe et al., 2012).
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To understand how the wing evolves in butterfly ontogenetic growth, Nijhout
et al. (2014) evaluated the growth pattern on the wing, using landmarks, in two
distantly related species with a different shape. The authors found the anterior portion
of the wing disc was under stress, supporting the idea that cell elongation in this region
is due to stretching imposed by growth and elongation of the more posterior portion
of the wing. Growth and cell division in lepidopteran wing discs require both ecdysone
and insulin signalling (Nijhout and Grunert, 2002; Nijhout et al., 2007). Likewise, the
evolution of wing shapes must come about through evolutionary changes in the spatial
and temporal pattern of cell division. These changes, in turn, are likely due to the
evolution of the spatial arrangement of the hormone response elements that control
the forms of cell division and orientation and the mechanical forces (Marinari et al.,
2012; Vincent et al., 2013).

The developmental constraints in the caterpillar stage are relevant factors that
can affect the adult butterfly wing shape. Caterpillars, generally, have low mobility and
generally feed on a single plant during development. The specialized diet of caterpillars
is reported to be a limiting factor shaping the distributions patterns in butterflies
(Graca et al., 2015) even though adults may be mobile and forage across extensive
areas (Marchant et al., 2015). In this view, Jorge et al. (2011) found a variation of size
and wing shape among individuals that fed on different plant species, reinforcing the
role of plasticity on host—plant use. In fact, the host plant is a paramount
environmental factor in the ecology of herbivorous insects, indicating that a large
proportion of total morphological variation has an environmental origin (Jorge et al.,
2011). Besides that, the biotic factor as the presence of predators can induce the

phenotypic plasticity in larvae, causing changes on their morphology without
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differentiation at the genetic level, inducing one adaptive response to development
program (epigenetic control).

Phenotypic plasticity occurs when the same genotype produces different
phenotypes in response to varying environmental conditions (Pfennig et al., 2010;
Whitman and Agrawal, 2009). Some evolutionary events are assigned to phenotypic
plasticity, such as the origin of novel phenotypes, the divergence among population
and species, the formation of new species and adaptive radiation (Pfennig et al., 2010).
Thus, the environment could act together with genotypes and induce a change in
morphology, but it could also be accompanied by a change in behaviour and
physiology (Bourdeau, 2009; Cornwallis and Birkhead, 2008; Pfennig et al., 2010).
Phenotypic plasticity could promote genetic accommodation and genetic assimilation.
Genetic accommodation occurs when mutation or environmental changes result in
novel phenotypes which result in an adaptive phenotype through quantitative genetic
changes (Suzuki and Nijhout, 2006). On the other hand, when new phenotypes do not
change under different environments, in this case, it is genetic assimilation and the
trait will be expressed constitutively over evolutionary time (Waddington, 1953). One
common kind of phenotypic plasticity in butterflies is polyphenism, when individuals
with identical genomes respond to different environmental cues by expressing
alternatively developmental pathways (Aubin-Horth and Renn, 2009; Snell-Rood et al.,
2010), which results in distinctively different adaptive phenotypes (Pfennig et al.,
2010). The study of polyphenism in butterflies has been analysed from the point of
view of variation in the seasonal wing colour pattern (e.g. Canfield and Pierce, 2010;
Nijhout, 2003; Ruszczyk et al., 2004; Shapiro, 1976), but how wing shapes respond to

polyphenism variation is still a poor-studied issue.

36



Another informative way to understand the genetic and environmental factors
acting on wing shapes is analysing fluctuating asymmetry (FA) (Mgller and Swaddle,
1997; Palmer and Strobeck, 1986). Knowing that both sides of the body of an individual
share the same genome and nearly the same environment, FA results from small
random perturbations in developmental processes that take place on the left and right
sides of the body (Klingenberg and Nijhout, 1999). If the development of two traits is
linked, the same perturbations can have an effect on both of them simultaneously and,

hence, can generate a correlation between their asymmetries.

Biotic filters

Direct and indirect interactions between individuals are an important component of
biological systems that connect different species in the eco systems (Jordano, 2016).
Biotic filters are considered the results of ecological interactions between organisms
and are divided into interactions between individuals of the same species

(intraspecific) or between individual from different species (interspecific) (Fig. 1).

Intraspecific Interaction

Sexual selection has a relevant influence on the evolution of wing shapes, mainly when
wings interact with reproductive behaviour and sexual communication. Due to the
reproductive roles of each sex, the divergence in flight and wing shape can be found
between females and males. While males spend more time obtaining mates (e.g.
defending territories), females typically focus on the search for suitable foraging and
oviposition sites. Additionally, females show a typical flight, being slower than males

which are more mobile and has a stronger flights for escape from predators (Joron,
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2005; Jones et al., 2013). Consequently, the difference in behaviours can reflect on
morphological differences because males and females interact differently with biotic
and abiotic factors.

Therefore, Chazot et al. (2016) suggest that the existence of strong sexual
selection could contribute to wing size and shape variation among sexes. An
interesting discovery is that changes in forewing shape were associated with dispersal
ability only in females of the Nearctic butterfly Melitaea cinxia (Breuker et al., 2007).
On the other hand, the aspect ratio and wing centroid measurement showed to be
sex-specific in tropical forest Morpho butterflies (DeVries et al., 2010). For this group
of butterflies, the wing shape was shown to depend on body size only in females
(DeVries et al., 2010), and the aspect ratio proxy is lower in females than males of
Nearctic P. aegeria (Berwaerts et al., 2002). In contrast, at the community level, Graga
et al. (2017b) evaluating the correlation between wing-thorax ratio and forest stratum
between sex in a tropical rainforest founded that was stronger in females than in
males, suggesting that females a stronger relationship between phenotypic and
habitat conditions than males. Moreover, the sexual dimorphism is more accentuated
in understory species (Graca et al., 2017b). Taking into account the research on how
the colour pattern covaries with both wing size and shape, Chazot et al. (2016) found
that forewing shape dimorphism between sexes is higher in species that show strong
colour dimorphism, and flight behaviour may be selected jointly with cryptic
colouration, thereby influencing both wing shape and wing colour evolution. These
studies could will shed light on the extent to which different dimensions of butterfly
wings respond independently to different selective pressures or are instead

constrained by functional or developmental components. In addition, when females
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visit different microhabitats, those males and these places have Miillerian mimetic
rings; there may be a differential selective pressure on females that converge for
Batesian mimicry, generating sex-limited mimicry (Fig. 2). In this sense, sex-limited
mimicry is more related to natural selection than sexual selection and depends on the
spatial variation of the frequency of aposematic models (Kunte, 2008). This
phenomenon seems to be favoured in species that already have sexual dimorphism

(Timmermans et al., 2017).

Interspecific Interaction

One interesting system that can be used to evaluate wing shape is the mimicry ring.
The convergence between different species for one wing pattern can be the result of a
few factors, including toxicity, superficial similarity and cooccurrence with other
aposematic species. In addition, to the great diversity in colour and size, convergence
of the wing shape at the community level is one very interesting opportunity to
evaluate mimicry (Johansson et al., 2009), which can make it possible to understand
these factors separately through the resemblance of mimicry rings. Recent studies
have unravelled the mechanisms of structural mimetic ring communities, revealing
important roles in niche differentiation and speciation processes (see Aubier et al.,
2017; Joshi et al., 2017). In Miillerian rings, comimic butterfly species share chemical
defence traits which are avoided by predators, imposing strong selective pressure and
thus leading to convergence onto a shared warning colour signal (Miller, 1878, 1879 ).
It is important to note that while Miillerian mimicry is a mutualistic interaction, since
all members of the ring may have benefits for survival, Batesian mimicry by palatable

species is an antagonistic interaction (but see Rowland et al., 2010). Generally, the
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older or most abundant species in @ mimicry ring drives the evolution of phenotypic
resemblance in other species (Franks and Sherratt, 2007; Mallet, 1999; Ruxton et al.,
2008; Turner, 1977). Thus, the warning signal in diverse communities is strongly
frequency-dependent on comimetics (Chouteau et al.,, 2016; Joshi et al.,, 2017).
Additionally, mimicry benefits are associated with a given warning signal, depending
on the relative numbers of prey sampled compared to the available ones, and are
usually driven by the most toxic or the most abundant prey species (Mallet and Joron,
1999). The ability of predators to recognize the signals of toxic prey is an important
determinant of selection on resemblance in a mimicry system (lhalainen et al., 2012;
Rowe et al., 2004). lhalainen et al. (2008) found that phenotypic similarity is influenced
not only by natural selection favouring accurate mimicry but also by the genetic
architecture underlying variation in phenotypes, increasing predation against
imperfect mimics.

One trade-off of selective pressure on imperfect mimicry is the ability of the
butterflies’ escape from the predation (Fig. 1B). Butterflies with longer and larger area
wings flew more slowly and were captured more easily by predators when chased
(Svensson and Friberg, 2007). On the other hand, the butterflies with shorter and
smaller wings tended to fly faster and more erratically and frequently escaped from
predators. Graca et al. (2017a) found that tropical butterflies and birds are similar
when the body size (functional component) variation is analysed, but this relationship
is not detected when looking at taxonomic butterfly species composition. Bates (1862)
suggested that mimicry in insects should extend to their physical motions, as should
the convergence of the locomotory behaviour as well as colour patterning. Studies that

compared the type of movement between two comimetic species and two other
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phylogenetically closely related species found that the comimetics Heliconius cydno
and Heliconius sapho beat their wings more slowly and with more symmetrical motion
than their respective sister species, the comimetics Heliconius melpomene and H. erato
(Srygley and Ellington, 1999). Thus, wing motion appears to be one important
component of the overall mimetic signal and may serve to identify mimetics before the
predator can see details of the wing pattern (Srygley, 2007). This fact made wing shape
variation an important factor for understanding the mimetic ring in addition to the
other factors that act on this structure. Additionally, spatial cooccurrence can reinforce
the phenotypic resemblance in mimicry rings (Joron and Iwasa, 2005).

Some structures that give extraordinary shapes to lepidopteran wings are
related to escape strategies, such as the long tails present in different lineages of
butterfly and moths (see Barber et al., 2015; Lépez-Palafox and Cordero, 2017;
Robbins, 1981; Zhong et al., 2016). The escape may also be related to mimicry,
although little studied, escape or invasive mimicry has been increasingly considered as
a real possibility in butterflies (see Pinheiro and Freitas, 2014; Pinheiro et al., 2016). In
these mimetic systems, the fastest, best escapes are “models” for species with similar
(Mullerian) or less (Batesian) effective escaping tactics (Pinheiro and Freitas, 2014).
Like aposematic based mimicry, convergence in escape mimicry occurs in the wing
colour patterns, but considering the key aspect of flight in this kind of mimicry, a
strong convergence in wing shape or others flight-related traits would be expected.
Moreover, Pinheiro et al. (2016) suggest that some mimicry rings can contain species
combining the two kinds of defence and signs for predators, unpalatability and escape
ability. A comparative analysis of wing shape can be a promising approach to

disentangle the selective pressures in these complex mimetic systems.
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Fig. 2 Phylogenetic relationships between some species of Dismorphiinae (Lepidoptera:
Pieridae), showing a small sample of the wing shape and colour variation associated with
occurrence in different microhabitats and Batesian mimicry. Note that sexual dimorphism can
occur in both the wing shape and colour, including sex-limited mimicry in Dismorphia melia
(female is a mimic of the Actinote species in Southeast Brazil). Phylogenetic relationships
based on Wahlberg et al. (2014).
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Abiotic filters

The emergence of wing shape diversity throughout evolution is a result of a different
selective processes, such as biotic interactions and stochastic processes, but also by
environmental pressure (Fig. 1). The species are locally grouped taking into
consideration their traits to the environmental conditions (Cavender-Bares et al., 2009;
Ricklefs, 2004), and the functional traits from species must be compatible with the
habitat (Arnan et al., 2013; Graca et al., 2015). Therefore, the wing shape is partly
moulded by the affinity of an organism, population or community in respect to the
habitat conditions.

Wing functionality associated with wing shape that can be strongly affected by
environment conditions is the capacity of the flight. Changes in wing shape allow for
different aerodynamics of flight and therefore, an occurrence of diverse flight types.
Considering species of bats, birds and butterflies that forage near flat and smooth
surfaces, they all have modified body aerodynamics to glide in ground effect and
enhance flight performance at lower costs (Cespedes et al., 2015; Kim et al., 2014).
Usually, the elongate wing shape (high values of aspect ratio), mainly in the forewing,
is more related with gliding flight. While the rounded overall wing shape (lower values
for aspect ratio) predicted to be more manoeuvrable (Betts and Wootton, 1988) and
employ flapping flight to a greater degree (Dudley, 2000).

Additionally, the wings of migratory individuals frequently have a more
elongate forewing apex, which allows for a more energetic and aerodynamic flight
(DeVries et al.,, 2010; Johansson et al., 2009; Johnson, 1969). Individual migrants,
usually across very diverse places, have some special wing characteristics for flight. In

Danaus plexippus, a population that shows migratory behaviour has larger and more
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elongated forewings and a higher aspect ratio than resident individuals (Satterfield and
Davis, 2014). Like birds (Egbert and Belthoff, 2003), the wing shape of migrations
differs considerably among dragonflies species (Johansson et al., 2009). Bird studies
demonstrated that migrating species tend to have longer and more pointed wings
(Kaboli et al., 2007; Monkkonen, 1995; Voelker, 2001). Another interesting observation
is that the effects of migration and mate guarding on wing shape appear to evolve
(partly) independently (Johansson et al., 2009).

Long-term studies in tropical rainforest sites show that butterfly communities
present vertical stratification, including the iconic Morpho butterflies (DeVries and
Walla, 2001; DeVries et al., 1997). DeVries et al. (2010) found that spatial use of forest
microhabitats differs among Morpho species and that natural selection has acted to
influence flight behaviours and wing morphology relative to the costs of flights. The
difference in wing shape on stratification has only been observed in males (DeVries et
al., 2010), suggesting that sexual dimorphism may modulate such stratification
patterns (Graca et al., 2017b). The difference in sunlight level and host plant vertical
distribution (Beccaloni, 1997) can be explained by understory/canopy segregation
(DeVries, 1988). The evolution of wing shape has been driven by microhabitat use
(Chazot et al., 2016), and flight morphology explains in part the vertical stratification of
tropical fruit-feeding Nymphalidae (Graca et al.,, 2017b). According to Papageorgis
(1975), wing colour patterns play a key role in defence, but also have to be in
accordance with habitat use and the ability to regulate body temperature to prevent
collapse. The relation between colour and wing shape from the perspective of

thermoregulation is a fundamental subject but still little studied.
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Although size variation in herbivorous species related with host plants can be
attributed directly to nutritional quality (Nylin and Gotthard, 1998), this relationship
does not work with shape variation. However, this shape variation is involved in static
allometry (Gould, 1966), and the shape differences could be attributed to size
differences resulting from starvation (Jorge et al.,, 2011). An extreme case of abiotic
filter affecting wing shape is the evolution of brachyptery and flightlessness. Although
it is a recurring phenomenon in moths, it is recorded for only one genus of Andean
butterflies (Pyrcz et al., 2017; Viloria et al., 2003). This brachypterous butterfly evolved
in Paramo vegetation, a high mountain habitat which presents extreme weather
conditions, with strong winds and low daily temperatures, making flight dangerous and
expensive. Interestingly, the reduction of the wings occurs only in females, indicating
that there are constraints that keep the males with functional wings (Viloria et al.,

2003).

Macroevolutionary processes

All these previous selective pressures (ontogenetic, biotic and abiotic filters) acting
repeatedly over a large amount of time must result in different evolutionary patterns
in both species and traits. Distinct selective pressures acting on microevolutionary
processes repeatedly result in different evolutionary scenarios, which take into
account the occurrence of selective or nonselective pressures. The habitat can act on
the trait, from sudden (natural catastrophic event), to regular (seasonal variation), or
progressive events (global warming or urbanization), changing the history of wing
evolution (Hill et al., 2002; Vitousek et al., 1997). In butterflies, this effect can be easily

seen through the close relationship of these organisms with the environment.
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Identifying exactly which factors or selective pressure acted on wing is
paramount to define primary wing features, but it is not easy, due to the wide
functionality attributed to this structure, since the species traits and occurrence
patterns result from a series of ecological and evolutionary processes (Ackerly, 2003;
Thomas et al., 2016). Nevertheless, one way to clarify how these selective pressure act
on distinct aspects of the wing is observing the different facet of the wings which are
related to some dimension of the fitness (growth, reproduction and survival) and
access the allometric and assimetric relationships and the modularity between these
functional components of wings. To obtain just the effect of these selective factors is
important to remove the shared evolutionary history between the species, allowing to
get the trait value without the effect of the phylogenetic relationship (Webb, 2000).
One way to access ecologically functional traits is using morphological characteristics,
which are usually good predictors of functional diversity in winged animals.
Understanding to what extent wings evolved under different selective pressures is
important to understand which factor could affect wing evolution. The capacity to fly is
one of the most important functions of wings, and by using phylogenetic comparative
analysis, it is possible to infer mechanisms underlying trait evolution. Therefore, we
can infer the evolutionary history from the traits using some models with different
evolutionary scenarios in order to understand how time, the mode and the phylogeny
molded trait evolution. To test for this, these models must take into account
phylogeny relationships among species and/or selective pressure on the traits.

An interesting model that can be used to simulate the evolution of the traits
that consider phylogeny, but not selective pressure, was the Brownian model (BM)

(Felsenstein, 1985) and the lambda model (Pagel, 1999). In the BM, change in the trait
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values occurred at a constant rate, without directional pressure, like genetic drift. In
this view, the lambda model was frequently used for the inference of phylogenetic
signals, so it is used to evaluate whether closely related species showed similar trait
values. On the other hand, some models take into account selective pressures
scenarios. If the attributes evolved as a result of the emergence of some barrier, for
example, then the occurrence of stabilizing pressure and the attributes of each side of
the barrier evolved to optimal values was considered. In this case, the evolutionary
model of the attribute was the Ornstein-Uhlenbeck (OU) (Butler and King, 2004).
However, when the change in the traits is exponential in terminal or ancestor branches
the best fit will be the early burst (EB) (Harmon et al., 2010). Moreover, the change in
the trait can be more strongly related to the speciation process, which can be tested
using a kappa model (Pagel, 1999), and, finally, the null model (white noise) to
compare with other models. To understand how the traits evolved on the phylogenetic
context allows us to know which evolutionary processes can act on the evolution of
ancient lineages and then consider the recent processes that can act.

The estimation of the phylogenetic constraint in morphological traits and in
trait—habitat relationships helps us to understand the mechanisms underlying
evolutionary selection and its impact on current ecological patterns (Ackerly, 2009).
Some processes, like adaptive radiation, suggest that diversification is due to changes
in species traits in response to ecological opportunities promoted by available niche
space, while niche conservatism describes the tendency of closely related species to
retain similar characteristics, minimizing evolutionary change (Ackerly, 2003, 2009;

Harvey and Pagel, 1991; Losos, 2010). In part, niche conservatism reflects phylogenetic
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signal; however, phylogenetic signal alone does not directly denote niche conservation
(Blomberg and Garland, 2002; Blomberg et al., 2003).

Studies using the comparative phylogenetic methods have increased in winged
animals, for example, in birds (Claramunt et al., 2012), in bats (Santana and Cheung,
2016) and in butterflies. Chazot et al. (2016) evaluated the process that drove the
diversification of wing size and shape in Morpho using the macroevolutionary
perspective, but not using these evolutionary models. Furthermore, wing shape is one
of the most interesting forms for understanding the differences in flight ability
occurrence, and the aspect ratio is one way to obtain the wing shape for butterflies
(Betts and Wootton, 1988; Breuker et al., 2007). More research, however, is needed to

be performed to clarify our understanding of the evolution of the traits in butterflies.

Concluding remarks

In this brief review, we have shown how an intricate eco-evolutionary history can
explain the amazing morphological patterns displayed in butterfly wings (Fig. 1) by
discussing some recent advances in this subject. As we have seen, the diversity of wing
shape and colour patterns could evolve from different selective pressures. These
pressures begin in the early stages, when biotic and abiotic filters constrain the
ontogenetic process which will reflect on structures of adult butterflies, including wing
morphology. After becoming adults, butterflies have no opportunity to change their
exoskeleton; however, other selective forces can act at this stage, such as sexual
selection, when adaptive shapes could to be selected for sexual partners, or through
the natural selection exerted by predators where some genes associated with wing
shape could to be removed or remain in the population over time. Apart from these
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pressures, environmental conditions impose a strong abiotic filter on aerodynamic
traits, including wing shape. In summary, the interaction between genotype,
phenotype and environment could answer many questions about the evolutionary
history of wing shapes. Obviously, these features are not restricted to butterflies, but
we propose that they can be more easily understood by using these organisms as
models.

Nevertheless, disentangling which factors are operating in these different
contexts is a major challenge. The use of the phylogenetic approach is fundamental to
tease apart ecological factors operating in wing shapes from shared evolutionary
history. Moreover, some morphological tools allow for understanding the asymmetric,
allometric and modularity effects that act on the wing shapes, while separating each
effect. Allometry allows for the comparison of growth differentials between different
parts of the body in males and females, in different stages in ontogenies, or different
structures (modularity). In the mimicry context, for example, the allometric analysis
shows that conspicuous aposematic red spots and wing shapes grow in a similar way,
but sex-related differences can occur between species in the Heliconius postman ring
Mallerian mimicry (Rossato et al., 2018). This kind of approach can be one important
way of understanding the selective pressures acting in both intra- and interspecific
communications.

The convergence in mimicry rings has a clear spatial structure, consequently,
the spatial distribution of mimetic rings and predators can help us to understand the
role of space in wing convergence. The use of GM as a morphoecological tool to study
wing shape is quite recent, especially in the context of mimicry evolution (Jones et al.,

2013; Merot et al., 2016; Rossato et al., 2018). A good way to begin a wing shape study
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is to choose an informative aspect of wing functionality (e.g. reproduction, dispersion,
thermoregulation, communication) to be investigated in a mimicry ring and look for
others selective pressures that can act on it and include it in the analysis, and trying to
separate the factors and see how they affect the trait. Thus, if an investigator chooses
to evaluate wing shape regarding spatial phenotypic convergence, it is not only
important to compare similarities between species, but the flight capacity to escape
the predator must be taken into account, since this selective pressure acts together
with convergence pressure. Therefore, it cannot be easily understood how these
factors work: however, the wing shape will be selected like a trade-off between the
importance of a certain feature to perform the communication function or to the
flight. In the end, the wing will be the result of these two, or more, pressures acting on
the shape of the wing.

Although butterflies are models in many areas of evolutionary biology, most
studies are restricted to a few well-studied lineages, such as the large swallowtail
butterflies (Papilionidae), or the well-known Heliconius. In fact, these model groups are
only a small fraction of the great radiation of butterflies that have occurred since the
Cretaceous (Heikkila et al., 2012). When we speak of understanding the wing shape
diversity in butterflies, we would like to include all of this variation. In this sense, we
need to know more about some neglected lineages, to unravel the ecological and
evolutionary patterns that operate in the less studied families. In recent years, robust
phylogenetic hypotheses are being obtained for almost all butterfly families, which can
serve as the basis for these evolutionary studies (e.g. Sahoo et al., 2016; Seraphim et
al., 2018; Wahlberg et al., 2014). Identifying new model systems is also crucial, for

example, the Dismorphiinae that illuminated early ideas about mimicry (Bates, 1862)
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are a candidate group to study the evolution of wing shapes (Fig. 2). This group
includes species with slight sexual dimorphism in wing shape, such as the Pseudopieris
species, which present a typical pierid bauplan and occur in more naturally disturbed
open edge environments. Also, it includes species with strong sexual dimorphism, such
as Enantia species, whose males present unusually short fore wings. And finally, it
includes Dismorphia and other genera which are Batesian mimics (Bates, 1862; LeCrom
et al., 2004), including species with both sex-limited dimorphism (males flying in
distinct microhabitats from females) or without dimorphism in the colour pattern
(males and females flying in same microhabitats), but with marked dimorphism in the
wing shape due to male investment in androconial scales.

In addition to these evolutionary studies with closely related lineages, there are
major questions about the wings of butterflies. For example, what are the great
convergences and divergences imposed by different biotic (e.g. host plants, interaction
with ants, predation rates) and abiotic filters (e.g. insularity, humidity, altitude, etc.)
that explain this diversity of wing shape in butterfly families? How is this shape
diversity restricted by the evolutionary history of the groups, including phylogenetic
constraints and biogeography? The answers to these considerable issues are unlikely
to be obtained from specific studies on models, but can be revealed by comparative
studies on a large scale.

The emergence of next-generation sequencing can allow us to find specific
parts of the genome that can be related to wing shape, though, for example, the
quantitative trait locus (Lynch and Walsh, 1998). Another promising approach is
evaluating the epigenetic factors that can act on the genome, resulting in wing shape

changes in different environments (Jablonka, 2017). The possibility of integrative
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studies joining genomics, bioinformatics, field experiments and mathematical
modelling seems almost infinite and points to a promising future in all areas of
evolutionary biology, including ecomorphology and ecophysiology. Almost two
centuries after Bates’s insights about the biological relevance of studying the butterfly
wings, we can verify that he was right, and that finally scientists are close to solving

many mysteries that are still waiting to be unveiled in the flapping wings of butterflies.
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Abstract

1. Environmental changes, particularly, those related to land use are directly linked to
biodiversity loss. The lack of connectivity between the habitats patches and decrease
of genetic and species diversity affect different biological aspects, which are essential
for to shape and to structure the populations and the communities’ dynamics.
Molecular markers in individual and population levels, associate to the community
information, can help us to elucidate how distinct ecoevolutionary level responds to

different banana plantation.

2. We evaluated the effects generated by conventional and agroforestry banana
plantations acting in butterflies. Different ecoevolutionary aspects were used as
response variable. In the individual and the population levels, we access the genomic
information from Heliconius ethilla narcae through the ddRAD sequencing method.
This specie was the most equal distribution between the sites. Then, we evaluate the
effect of the treatment type, the morphological dispersal trait and geographic spatial
occurrence in genomic (individual and population) level. On the other hand, in a
community level, we evaluate the effect from the treatment type in species diversity
by Nymphalidae group. Finally, we evaluate the correlation between genomic and

species diversity in relationship to the treatment effect.

3. In the individual level, the treatment and block influenced the genomic information.
However, no effect was found by morphological dispersal traits or geographic spatial
occurrence in this level. Take into account the treatment type in another levels, no
effect was found in the genomic population in each site neither the species diversity.

Besides that, the genomic information in conventional treatment showed a
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simplification genomic, and, the most distinct genomic cluster was shared only
between the native and agroforestry sites, being absent in the conventional

plantation.

Synthesis and applications. We found some evidence of land use effect in individual
genomic level. The most distinct and rare genotypes was shared between individuals
from native and agroforestry sites. The conventional plantation, showed a genomic
simplification. Nevertheless, the effect by distinct treatment did not affect the
population or community level, showing that the genomic analysis are important for
evaluate the anthropogenic factors. Different approach and integration for distinct
ecoevolutionary level must to be used associate for evaluate and distend the impacts

on different level.

Introduction

Anthropogenic changes related to the agriculture and infrastructure development are
among the main drivers of biodiversity loss, due to reducing natural habitat and
causing biotic homogenization (1). The loss of connectivity between different places
depend how much different are the native in relationship to altered area (2). The
anthropogenic changes could work as barrier for dispersal in distinct ecological levels,
since species until community. In a community level, the set of local community
connected by multiple species by dispersal is knower as metacommunity (3) . Besides
the spatial patchiness caused by human activities modifies species and communities,
affecting mate and food finding, predator avoidance and patch colonization (4,5), the

insecticide use associate to food production further reduces the biodiversity (6).
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Taking into account that the global population is increasing and consequently
demand for food (7) and the pesticide use. Insecticide resistance or population
responses to the herbicides use may have an effect on the genetic diversity in this
system (8). Microevolution process, acting into the species, could be extrapolated for
explain the macroevolution differences between species and another taxa (9).
Saunders, Ries, Oberhauser, Thogmartin, & Zipkin (2017) found the first empirical
evidence of a negative association between glyphosate level application and local
abundance of adult monarchs (Danaus sp.). Taking into account, that the local
community formation was the result of the local interaction and regional process (11)
is important the inclusion of different perspectives to understand the local community
formation. Therefore, environmental changes, such as habitat fragmentation and
pesticide use, could affect different aspects of biodiversity, as the dispersal capacity

and the diversity, in distinct ecology level, for example, in population and community.

The movement of individuals and propagules, with potential consequences for
gene flow (12), is one central factor that modulates the ecological and evolutionary
dynamic of population and communities, shaping demography as a consequence of
gene flow. Dispersal capacity is a complex and multidimensional phenotype, involving
morphological, physiological and behavioural traits (13) and it is correlated with many
others aspects of life history. The dispersal capacity in flying insects can be predicted
by morphological trait, as wing loading (proportion between thorax and wing area) and
thorax volume (14). Frequently, evaluated by morphological traits the dispersal has a
genetic basis (see Saastamoinen et al.,, 2018). Evaluate the genetic variability, from

individual in population (16), could indicate how the environment affect the
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biodiversity taking into account how much is the genetic variability in distinct

population.

The emergence of next generation sequencing (NGS) methods makes possible to
evaluate the dispersal rate and the genomic diversity associate to land use. Little is
currently know about the long-term effects of insecticides on non-pest insects, and
hence the effect on biodiversity. Genomic population techniques, such as RADseq,
offer a great opportunity to measure and understand the genomic diversity and
dispersal between distinct populations. In addition, could be combined with species
and community information allow to access the effect of environment variables acting
at multiple ecoevolutionary level. NGS technologies also open new possibilities to look
for adaptive drivers that predict the performance of individuals in different
environmental conditions (17). The population and the species shared the same
process of evolution, like birth, death and immigration. Because that, access the
impact of different farms on distinct ecoevolutionary level allow to access how distinct

level answered to distinct land use (18).

Several organisms are particularly sensitive to the environmental change, like
the butterflies (19). Their close relationship with resources and biotic and abiotic
factors, making them good indicators of the environmental quality, in distinct scales,
from micro to macro scale (20,21). Therefore, this system can help us to understand

the impact of agricultural and chemical practices on genomic and species levels.

In Brazil, the pesticide use increased exponentially, being among the five
highest insecticide consumers worldwide in the last 15 years (22). Besides that, in

Brazil the Atlantic Forest is a biodiversity hotspot (23), being the one of the most

67



threatened and impacted biomes, due to changes in land use, with only 14% of its
natural areas preserved (24). Agriculture is one of the principal factors responsible for
the loss of Atlantic Forest with banana among the main crops replacing natural Atlantic
Forest. Large-scale banana production was introduced in south Brazil during the 60s,
and involved widespread use of pesticides. Since 1991, several banana producers have
adopted organic farming methods without the use of pesticides or other synthetic

chemicals.

Our general goal is to evaluate if different farming techniques, as agroforestry
and conventional banana plantations (treated with the pesticide, fungicides, and
herbicides), acted as barriers to dispersal or affect the genomic diversity in Heliconius
ethilla narcaea populations and in species diversity level from Nymphalidade.
Specifically, we tested if: (i) The genomic information in individuals from H. ethilla
narcaea respond to different treatment, to distinct morphological dispersal traits and
if was related to geographic occurrence; (ii) The genomic information from individuals
are structured in genomic population; and, (ii) The genomic and species diversities was

affected and in a similar way by distinct treatment.

Material and Methods

Sample collection

Firstly, the blocks and sites terms will be used representing distinct aspects. The blocks
represent the data set formed by the set of three treatments, totally nine blocks of
community sampled. On the other hand, the site representing each place were the

butterflies were collected, totally 27 sites. Take into account the blocks and sites
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where occur individuals from Heliconiu ethilla narcaea we used eight blocks and 21

sites for the next analysis in this paper.

Sampling from the butterflies occurred from January to April 2016, in the
northeast portion of the southernmost state of Brazil, Rio Grande do Sul (Figure 1). We
collected butterflies in a total of nine different areas, each one designated as a block.
Each block was composed of three treatments: native forest, agroforestry system and
conventional banana farm (Figure 1). Therefore, each treatment type was sampled
nine times. The conventional banana crops are treated with the pesticide, Furadan;
fungicides, Manzate and Tilt; and herbicides, Tordon and Roundup-Glifosato. On the
others hand, the agroforestry is a type of farm where no synthetic chemically treated
was used and the banana are cultivated amongst other plants with the intend to

maintain the forest structure.

We sampled the butterfly communities in each of the 27 sites. All treatment
from the same block was sampled in the same day. The sample order was randomly
without repositioning. Each site was sampled three times and by three collectors, a
total of 13 hours and 30 minutes. The collectors, through a transection into each site
using hand nets, performed sampling. All specimens were maintained in envelope, for
next conduce the morphological measurement. Most of the butterflies collected
belong to Nymphalidae family, totalizing 1543 individuals. Therefore, we limited our
investigation in this group. The corresponding distribution from individuals’ level is in
Table S1. The species that show the most equal distribution, 21 of 27 sites, was the
Heliconius ethilla narcaea (Table S2) because that, it is the selected species for conduct

the genomic analysis.
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Figure 1. Location of the sampling sites in the northeast of the Rio Grande do Sul state

(Brazil). The yellow circles enclose the treatment plots: native forest (green), agroforestry
(blue) and conventional (red) banana crop. Each two-letter code represents a farmer name
and corresponds to a block containing these three treatments.
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Library preparation

The DNA extraction was performed from butterfly thorax tissue using the Qiagen
DNeasy Blood & Tissue Kit. Samples were quantified using a Qubit fluorimeter. ddRAD
libraries were prepared as described by (25) with some modifications. Each library was
prepared from 100ng of starting genomic DNA. Not all collected individuals yielded this
much DNA (likely because butterflies were not stored under ideal conditions following
collection), therefore from 99 collected individuals libraries were prepared from 88
individuals. ddRAD uses the sequence specificity of restriction endonucleases to
fragment the genomic DNA at specific locations and therefore create reduced
representation sequencing libraries. We used the restriction enzymes Sbfl-HF and
EcoRI-HF, P1 adaptors with a unique 8bp molecular identifier barcode for each sample
(Table S3) were ligated to Sbf1 cut site, and generic P2 adaptors were ligated to the
EcoR1 cut site. Fragments of 300bp were selected by running each sample on an
agarose gel, and were then amplified with 24 cycles of PCR. Then, the products were
purified with AMPure XP beads and quantified with gPCR, before being pooled in
equimolar amounts. The pooled libraries were sequenced on a single lane of lllumina

HiSeq v4 to generate 460M 125 base paired-end sequence reads.

Bioinformatics analysis

Individuals were de-multiplexed and the adaptor barcodes removed using the
process_radtags program within the STACKS package (26), which also removes reads
lacking a barcode or restriction site and with low quality or missing data (with default
values and allowing correction of errors in the barcode and restriction site).

Sequencing quality was checked with FastQC, which revealed some remaining adaptor
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sequence. We therefore trimmed remaining adaptor sequence with the program
cutadapt (v1.2.1) (27). H. ethilla narcaea sequences were aligned to the H. melpomene
(v2) reference genome (28) (29) downloaded from Lepbase (30) using the program
Stampy (v1.0.22) (31), with substitution rate set to 0.05. This aligner was used because
it has been shown to work well when aligning data to non-conspecific genomes (28).
Samtools was used to sort, index and convert SAM file to BAM files. We then called
SNPs using UnifiedGenotyper in GATK (v2.5.2) with the heterozygosity prior set to
0.01, based on previous genomic studies in Heliconius (28). VCF tools (v0.1.12b) (32)
were then used to process and filter the SNPs. We firstly removed 4 individual for
which very few sites had been called. We then removed the sequences with depth of
coverage greater than 200 across all individuals, as these likely represent repetitive
regions. Finally, we performed stricter filtering removing individuals and positions with
more than 50% missing data, and positions with a minor allele count below 2 and any
indels, to leave a high quality set of 6213 SNPs in 65 individuals. Figure S1 shows the
representative read depth across all sites and individuals in the final filtered data set

(33).

Effects on genomic individuals information

To evaluate how the treatment, the dispersal capacity and geographic
localization, affect the genomic information in Heliconius ethilla narcaea individuals,
we assess the genomic distance between the individuals in TASSEL software (Trait
Analysis by aSSociation, Evolution and Linkage v. 5.2.43) (34). The genomic distance in

TASSEL is calculates as 1 - IBS (identity by state) similarity, with IBS is defined as the
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probability that alleles drawn at random from two individuals at the same locus are the
same. The geographic distance was measured take into account the geographic
distance between each site to another’s. Finally, the morphological dispersal trait was
measured by thorax volume index, which was positively related to dispersal capacity
(14). The thorax volume value was inferred by thorax length (TL) and width (TW), using

this formula:

n TW? TL

Thorax Volume = 4§ * > * >

The mantel test was used for evaluate the effect of geographic and
morphological dispersal trait on genomic information, which as distance matrix
between individuals. Additional, we used the adonis function and Bray-Curtis distance
for conduct the PERMANOVA analysis (35) with 999 permutation, for evaluate the

treatment and block effects in genome level.

Population structure analysis

For evaluate if the genomic individual level from H. ethilla narcaea are structured in
genome population we used the individual admixture coefficients from the genotype
matrix (36,37) in Landscape and Ecological Association Studies (LEA) package (38),
which is similar to Bayesian clustering algorithm STRUCTURE (36). To assess the
ancestral population structure we used the entropy criterion, which evaluates the
quality of fit of a statistical model to the data using a cross-validation technique. In this
way, the entropy criterion can be used to choose the number of ancestral populations

that best explains the genotypic data (39,40), being the number of principal
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components that best explain variation in the genomic data. We then evaluated
whether we could discern the different genomic clusters through a discriminate
analysis (DAPC) (41). We tested all 21 possible populations from Heliconius ethilla
narcaea in DAPC analysis. The best number of the cluster was determined as that
giving the lowest BIC value. We then used these to predict cluster and membership

probability for each individual.

The genomic and species diversity

The genomic information by each individual was used to predicted the membership
probability of the sample belong to the same genomic group (Table S4) by DAPC (42).
We evaluate that for individual and population levels. Then, we predict the genomic
diversity into Heliconius ethilla narcaea and species diversity from Nymphalidae, which
represent different types of diversity: (i) the equitability of samples, Shannon; (ii) the
dominance of one sample, Simpson; and: (iii) the richness with uniform evenness, not
being affected by sampling effort, Inverse of the Simpson index. Both diversity indexes,
genomic and species, was used for evaluate the effect of the treatment and block
factors by PERMANOVA, using the adonis function and Bray-Curtis distance from vegan

package (35) with 999 permutation.

Finally, for accesses the relationship between genomic and species diversity we
run the linear regression by Im function, from stats package (version 3.4.4, Core Team,
2018), for that we also evaluate the block as random effects and the best model was

selected by Akaike Information Criteria (AIC).
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Results

Individual and population genomic level

The treatment type affects the genomic distance when comparing between individual
genomic information. However, the result from the treatment depend of the blocks
(F11, 44 = 1.10, R? = 0.18, p = 0.001). On the others hand, the morphological dispersal
trait did not affect the individual genomic level (r’= 0.01, p = 0.41) and no
autocorrelation spatial was found in individual level. However, we found a significant
association between genomic and geographic information (r’ = 0.1181, p = 0.001), it
relationship is not clear (see the Figure S2). Maybe, the significance could be result of

multiple comparisons between the individuals.

These individuals are not structured into genomic population. The LEA package
(38) results suggest only one ancestral population within the genomic data (Figure
S3A). Therefore, high gene flow was found between the individuals. However, the
Discriminant Analysis of Principal Component (DAPC, (42) suggest six possible genomic
clusters (Figure S3B) take into account a minimum BIC value (Figure 2A). On this way,
the most common genomic information shared was the clusters called one, four and
six, being the two, three and five the less frequent genetic group in our set sample
(Figure S4, Figure 2B). Besides that, the most distinct genomic group was the two and
three. These genomic clusters less frequent occur only in native and agroforestry sites

from distinct blocks (Figure 2B).
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Figure 2. Genetic clusters from Heliconius ethilla narcaea. (A) The Discriminant Analysis of

0.0

Principal Components (DAPC) result and respective PCA eigenvalues used and Discriminant
Analysis eigenvalue used in black to infer the DAPC clusters. Totality, 15 PCs (black filled) which
representing 37% of cumulative variation. (B) The population membership probability from six
genetic group from DAPC analysis. Each column represent a genetic information in a
subpopulation, individuals collected in each 21 sites. The two letter codes correspond to the
block names from Figure 1. (C) The individual membership probability to six clusters identified
from the DAPC. The respective treatment from each individual and population are represented
by: native forest (green), agroforestry (blue) and conventional (red) treatments.
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Effects at genomic site information and diversity

Using the membership probability from each individual to belong to the six genetic
clusters (Figure 2B) we measured the membership probability from each
subpopulation (21 sites) to belong to the six genetic clusters and evaluate the
treatment effect in genomic subpopulation. Considering the membership probability
rate from each subpopulation, we did not found effect from geographic localization (r?

=-0.06, p = 0.84) and the treatment type (F, 15 = 1.33, R*= 0.13, p = 0.26) (Table 1).

On the other hand, the most abundant in a species level was Tegosa sp., but
was largely limited to the banana farms and less abundant in the forest patches. On
the other hand, the species with more equals distribution between the treatments in
Heliconius erato phyllis, H. ethilla narceae, Mechanitis lysimnia and Morpho

epistrophus.

There are no relation between genomic and species diversity (Table S5) when
comparing the treatments and/or blocks (Figure S5; Table S6). However, both genomic
and species diversity values, appear to be higher in agroforestry than in conventional

and native areas (Figure 3).
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Table 1. The effect of the treatment on genetic and species diversity by linear analysis.

Linear Model
Diversity Fa18 R p

Genomic

Shannon 0.28 -0.08 0.75

Simpson 0.28 -0.08 0.76

Inverse of Simpson 1.63 -0.07 0.72
Species

Shannon 1.79 0.07 0.19

Simpson 0.19 -0.09 0.82

Inverse of Simpson 0.20 -0.08 0.81
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Figure 3. The genetic (A) and species (B) diversity result take into account the treatments.
The conventional is in red (C), native in green (N) and agroforestry in blue (A) treatment.
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Discussion

Taking into account, that the banana plantation type affected the individual genomic
information and the most different genome sequence is shared only between
individuals from agroforestry and native place, we could suggest that the decrease of
complexity environment in the conventional plantation simplify also the genomic
information, which could simplify the answer to adverse environment. Besides that,
probably, the most frequent genotypes from Heliconius ethilla found in the
conventional farm could be less affected by insecticides use (8). On this way, the
treatment and block acted together to modulate the genome information in individual
level. On the other hand, the dispersal ability, evaluated using the thorax volume (15)
did not related to genomic information. This could be due the high connected
populations from distinct treatment place suggesting that the treatment type did not
worked as barrier to dispersal capacity. The intense gene flow between individuals in a
genome level could be the reason that no association between genome and
morphological dispersal trait in Heliconius ethilla was found. Besides that, recently,
(15) reviewed dispersal in a genetic context and found that heritability of dispersal in
insects is on average 0.35. (43) Studying D. melanogaster, found that 192 genes were
associated with locomotion phenotype and from these only 12 SNPs explained about
60% of the variation observed in both sexes. They suggest that the litter genetic
changes could strongly affect dispersal rate. In butterflies, (44) evaluating 222 SNPs,
found fifteen loci related to flight. On the other hand, study in Glanville fritillary
butterfly (Melitaea cinxia) found allelic variation in a single gene for the enzyme
phosphoglucose isomerase (Pgi) was associate with dispersal rate (reviewed by

Niitepold & Saastamoinen, 2017). Our sampling of a relative small proportion of the
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genome makes it unlikely that we could detect specific associations between a few
genes and dispersal capacity. Besides that, the phenotypic variation may have evolved
in response to multiple, conflicting, biotic and abiotic factors (46). Therefore, the
dispersal inferred by thorax volume, have others functions associate such as

physiological and behavioural traits (47) as reproductive traits (48).

Therefore, for the first time, we evaluate the effect in different levels of
biological diversity within butterflies were used for evaluate the impact of banana
plantations. We combined the genomic in individual and population level to
community information for clarifying the impact from the agroforestry systems and
conventional plantations at these distinct biological levels. However, there are no
relation between genomic and species diversity suggesting that different indices in
different biological levels capture distinct information. However, previous works found
that similar species was shared between agroforestry and native forestry (49-51), but,
in the present work we did not find. Maybe, the diversity indices resume a lot of
information as indices that could cache important aspects from the community
(Cianciaruso et al. 2009) in the present case. Maybe exploring in a phylogenetic and
functional aspect could show the pattern more clearly. Besides that, this result could

be related of relatively small sample size to detecting some affects if is there.
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Supplementary material

Table S1. Species composition in each site, taking into account subfamilies of Nymphalidae. The blocks here are represented by set of two letter, which
the localization correspond to the Figure 1, in different treatment type: conventional (C), native (N) and agroforestry (A). In the right side has a resume from
the species concentration by the treatments.

Ze Val Lu To Ad Ja Di Ar Ti Treatment
Subfamily Species c N A cC N A c N A c N A cC N A c N A c N A c N A c N A -
Heliconiinae
Actinote sp. 0 3 3 2 0 0 2 4 13 0 0 0 2 3 0 1 3 2 0 0 4 2 0 4 2 1 1
Agraulis vanillae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 1 0 0
Heliconius besckei 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Heliconius erato 0 5 3 2 0 1 2 5 0 3 1 9 2 15 10 2 11 5 1 9 5 1 3 6 1 4 7
Heliconius ethilla 10 6 5 0 1 1 2 5 5 1 0 3 4 9 0 2 3 2 4 4 8 4 3 10 1 4 2
Dione juno 0 0 0 0 0 1 0 0 1 0 0 0 1 2 0 0 0 0 1 0 0 0 0 0 0 0 0
Dione moneta 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
Eueides aliphera 0 3 0 1 0 0 0 0 0 0 0 0 0 0 0 1 2 1 2 0 0 0 0 10 0 0 0
Eueides isabella 0 0 0 0 0 2 0 0 10 1 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0
Philaethria wernickei 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0
Limenitidinae
Adelpha cocala 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Adelpha lycorias 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Adelpha mythra 0 0 0 0 0 0 0 0 2 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Adelpha plesaure 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Adelpha serpa 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0
Adelpha syma 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Adelpha thessalia 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Adelpha zea 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Smyrna blomfildia 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0
Libythea carineta 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
Danaidae
Aeria olena 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 19 1 0 8 0 0 0 0 0 0 0
Danaus eresimus 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 1 0 0 0 1 0 0
Danaus erippus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 1 0 0 1 1 0 1
Danaus gillipus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1
Danaus plexippus 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0
Lycorea halia 0 0 0 1 0 0 1 0 1 0 0 1 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0
Episcada hymenaea 0 0 1 1 0 2 0 0 2 0 0 2 0 0 0 0 2 1 0 0 1 0 0 1 0 0 0
Epityches eupompe 1 0 0 0 3 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 6 1 2 1 1
Ithomia agnosia 0 0 0 0 4 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0
Ithomia drymo 0 1 0 0 1 0 0 1 0 0 0 0 0 0 0 0 1 1 0 1 0 0 0 0 0 0 0
Mechanitis lysimnia 2 2 8 7 3 3 1 5 15 2 6 1 0 6 4 1 7 1 2 0 2 1 8 2 6 4 1
Methona themisto 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0
Placidina euryanassa 1 0 11 1 0 0 0 9 5 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 3 2 0
Pseudoscada erruca 0 3 0 0 3 0 0 0 1 0 1 0 0 0 1 0 0 0 0 0 0 1 1 0 1 1 0
Pteronymia sp 0 1 0 0 1 0 0 0 4 0 0 0 0 1 1 0 0 0 0 1 0 1 2 0 0 1 1
Dircenna dero 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
Nymphalinae
Colobura dirce 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 2 1 0 0 0 0 0 0 0 3 0 0
Chlosyne lacinia 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 1 0 0 0 0 2 0 0 0 0 0 0
Ortilia ithra 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Tegosa sp 8 0 2 28 0 3 6 0 3 9 0 14 1 2 10 3 0 1 4 0 53 23 2 50 22 0 18
Hypanartia bella 1 0 0 2 0 3 0 0 0 1 0 0 3 0 4 0 0 0 0 0 0 0 1 0 3 0 1

87



Hypanartia lethe 1 0 0 0 0 2 0 0 0 2 0 0 1 0 4 1 0 0 3 0 0 2 0 3 4 0 0

Anartia amathea 4 0 0 18 1 4 0 0 7 3 0 0 0 0 1 0 0 2 1 0 1 0 0 54 1 0 1
Anartia jatrophae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0
Siproeta epaphus 1 0 0 1 1 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1
Siproeta stelenes 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Eresia lansdorfi 0 0 0 4 0 1 1 0 2 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Junonia sp. 0 0 0 2 0 0 0 0 0 0 0 0 8 0 0 0 0 0 0 0 1 1 0 1 1 0 0
Vanessa braziliensis 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Vanessa myrinna 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0
Satyrinae
Blepolenis sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0
Caligo eurilochus 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0
Caligo martia 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0
Catoblepia amphirhoe 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0
Dasyopthalma creusa 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
Opsiphanes sp 0 0 0 0 0 1 0 0 0 1 0 1 1 0 2 0 0 0 0 0 0 1 0 0 1 0 0
Morpho anaxibia 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Morpho epistrophus 0 2 5 6 4 3 0 0 0 1 0 1 1 0 0 0 1 0 5 0 4 3 3 6 1 0 3
Capronnieria galesus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 2 0 0 1
Godartiana muscosa 0 0 0 2 0 1 1 0 0 0 0 3 0 1 4 0 0 2 0 0 0 0 0 1 1 2 2
Moneuptychia paeon 0 0 0 0 0 1 0 0 1 1 0 0 0 1 0 0 0 0 0 0 0 0 0 4 0 0 0
Moneuptychia soter 1 0 0 1 0 2 4 0 0 0 0 1 0 0 2 0 0 1 0 0 3 0 0 4 0 1 11
Paryphthimoides phronius 2 0 0 0 0 0 0 0 0 4 0 4 1 0 4 1 0 1 1 0 1 3 0 8 2 2 5
Paryphthimoides poltys 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 2
Pedaliodes phanias 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Pedaliodes phronius 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0
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Taygetis ypthima

Yphthimoides sp.

Hermeuptychia sp.

Apaturinae

Doxocopa laurentia

Doxocopa zunilda

Dryas iulia

Biblidinae

Hamadryas amphinome

Hamadryas epinome

Hamadryas februa

Hamadryas fornax

Callicore phygas

Catonephele sp.

Dynamine myrrhina

Dynamine postverta

Diaethria clymena

Biblis hyperia

Ectima thecla

Haematera pyrame

Temenis laothoe

Charaxinae

Consul fabius

Memphis moruus

Archaeoprepona amphimachus

Archaeoprepona demophoon

19

14

21

13

39

11

12

10
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Cyrestinae

Marpesia chiron

Marpesia petreus

Marpesia zerynthia

TOTAL

90



Table S2. Number of Heliconius ethilla narcaea individuals in each site and treatment. The site
listed as two letter corresponds to the same site from Figure 1. Each block contains three
treatment plots, conventional (C), agroforestry system (A) and native (N). 99 individuals were
sampled during field collecting (Col_99), 88 individuals had DNA of sufficient quantity
and quality to be included in the sequencing (Lib_88), and 65 individuals were included
in the final analysis following quality filtering of the sequence data (Filt_65). Figure S1
shows the data quality for the final filtered set.

Sites Col_99 Lib_88 Filt_65

C A N Total C A N Total C A N Total
Ze 10 5 6 21 10 5 5 20 7 4 4 15
Ti 1 2 4 7 1 1 3 5 0 0 O 0
Ar 4 10 3 17 4 8 3 15 3 6 1 10
Di 4 8 4 16 4 7 2 13 4 6 1 11
Ja 2 2 3 7 1 2 3 6 1 2 3 6
Ad 4 0 9 13 4 0 8 12 1 0 6 7
To 1 3 0 4 1 3 0 4 1 2 O 3
Lu 2 5 5 12 2 4 5 11 2 4 5 11
Va 0 1 1 2 0 1 1 2 0 1 1 2

TOTAL 28 34 34 99 27 31 30 88 19 25 21 65
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Table S3. Sequence barcode from 88 sample of individuals sent to be sequence.

Individuals Barcode
1NILuciOl CGTTGGTT
101Gal0 TTCTGGTT
3ClLuan04 GCATGGTT
3CMDi07 GTTCGGTT
3NIDi03 TGGCGGTT
3NIDi06 AACCGGTT
3NILuci05 TCTAGGTT
3NMLuci02 GATGCGTT
3NMMa04  CGCTCCTT
30FDi14 AGGAGATT
30MDi03 ATCTCATT
30MDi26 CCTATGGT
30MWi22 TTGATGGT
4CIMa08 TTCCTCGT
40FJu13 TCTCGCGT
40FJu24 AGCCTAGT
40MDi29 TGGTCAGT
5CIDi03 TTAGAAGT
5CIDi09 CCGGTTCT
5CIDi17 GTCGTTCT
5CINi04 CATAACCT
5NFDi07 GCATAACT
5NFDi09 CGTAATAT
5NFDi14 GACTGCAT
5NFDi15 GATGGTTG
5NFLuca03 AGAGGTTG
5NMDi09 TATTATTG
5NMGa04 GTCCGCTG
5NMJul0 CTGGTTGG
6CMLuca02 ACTCTTGG
6NIDi11 CCAGCTGG
6NINiO5 CTATATGG
6NMGa05 AGGATCGG
60FLuca04 TCGCTAGG
60MANnd02 CGTCGAGG
7CFDi15 AGTTCAGG
7CFDi17 GTACCAGG
7CMDi01 CAGCTTCG
7CMMa06 CCGACTCG
7NILuciO3 ATGATGCG
7NIMa02 TAGCGGCG
70FDi02 GTCGAGCG
70FDi05 AGCGAACG
70FDi06 TGCCTACG
70FLucil3 ATAACGAG
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701Di39
70MAnNe03
70MDi27
8CIDi08
8CIMa06
8CMLucil0
8CMLucill
8NFLuci05
8NFMa01
8NMDi01
80FAne07
80FAne26
80FAne34
80FDi22
80FLucil7
801Ga03
80ILuci05
80MDi25
9CIDi02
9NIDi08
9NIGal4
9NILucil0
90ILuci09
10CFDi03
10CFDi07
10CFLuan05
10CFDi09
10CFWi01
10CIDi13
10CIDi14
10CIGa09
10ClJu05
10CMTai09
10NFDi03
10NFDi07
10NFGa01
10NFJu03
10NMDi01
100IDi10
1001wi03
100MDi09
100MDi10
100MGal2
INILuciOl1l_2
5CIDIO3_2
10NFDi03_2

GAACTCAG
TTATCCAG
GACTCAAG
AACGGTTC
CAGCGTTC
ATACGTTC
CTTAGTTC
CGAGCTTC
TACTCCTC
TAAGAATC
GCTAACGC
TACGTAGC
TGACCAGC
CCAATTCC
ATTAATCC
GCAACGCC
AGAGAGCC
CGCCGACC
GACTAACC
GCTGAACC
CCGGCTAC
GAGAATAC
AAGGCGAC
GCCAAGAC
AACTTAAC
TATTGAAC
GTTGCAAC
CGACGTTA
AGTAGGTA
CAAGTTGA
CAGTAGGA
ATGACCGA
TCGAACGA
CGAATAGA
ATATAAGA
TTCTTGCA
ACCTTCCA
AATTACCA
TCATACCA
CAGGACCA
GTCAACCA
ACGCTTAA
TCATCGAA
CCGACGAA
GGTCTCAA
TGGATCAA
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Table S4. Genomic membership in each site take into account distinct the clusters from
DAPC. The genomic information by site was measured, taking into account the membership
values of each individual from each site (Figure S4). The blocks are represented by the two
letter codes used in Figure 1 and treatment type: conventional (C), native (N) and agroforestry

(A).

Block Treat.

Genomic Clusters

Ze 1 2 3 4 5 6
C 0.3 0 0 0 0 0.7
N 0.5 0 0 0 0.5 0
A 0.5 0 0 0 0.3 0.3
Val
C 0 0 0 0 0 0
N 0 0 0 0 0 1
A 1 0 0 0 0 0
Lu
C 0 0 0 0.5 0 0.5
N 0.2 0.4 0 0.2 0 0.2
A 0.5 0 0.3 0.3 0 0
To
C 0.1 0 0 0 0 1
N 0 0 0 0 0 0
A 1 0 0 0 0 0
Ad
C 1 0 0 0 0 0
N 0.2 0 0.3 0.3 0 0.2
A 0 0 0 0 0 0
Ja
C 0 0 0 0 0 1
N 1 0 0 0 0 0
A 0.5 0.5 0 0 0 0
Di
C 0.5 0 0 0.3 0 0.3
N 1 0 0 0 0 0
A 0.5 0 0 0.2 0 0.3
Ar
C 0 0 0 0.3 0 0.7
N 0.9 0 0 0.1 0 0
A 0.2 0 0 0.1 0 0.7
Ti
C 0 0 0 0 0 0
N 0 0 0 0 0 0
A 0 0 0 0 0 0
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Table S5. Genomic and species diversity from each site. The diversity indices used was
Shannon (Shan), Simpson (Simp) and Inverse of Simpson (InvSimp). The diversity was
measured in each place take into account distinct treatament (Trat.): conventional (C),
native (N) and agroforestry (A).

Diversity
Genomic Species

Block Trat. Shan Simp InverSimp Shan Simp InverSimp
Ze

C 0.61 0.42 1.72 2.20 0.83 5.77

N 0.69 0.50 2.00 2.74 0.92 12.70

A 1.07 0.64 2.81 2.60 0.90 10.30
Val

N 0.00 0.00 1.00 2.22 0.88 8.14

A 0.00 0.00 1.00 2.69 0.89 9.06
Lu

C 0.69 0.50 2.00 2.25 0.87 7.50

N 1.33 0.72 3.57 2.23 0.86 7.36

A 1.07 0.64 2.81 2.67 0.90 10.10
To

C 0.30 0.17 1.20 2.40 0.86 7.29

A 0.00 0.00 1.00 2.55 0.88 8.68
Ad

C 0.00 0.00 1.00 2.70 0.90 10.00

N 1.37 0.74 3.85 2.34 0.86 7.11
Ja

C 0.00 0.00 1.00 2.87 0.94 16.00

N 0.00 0.00 1.00 2.13 0.81 5.39

A 0.69 0.50 2.00 2.81 0.91 11.30
Di

C 1.07 0.64 2.81 2.37 0.86 7.27

N 0.00 0.00 1.00 1.43 0.72 3.51

A 1.03 0.62 2.63 2.12 0.75 3.94
Ar

C 0.61 0.42 1.72 2.30 0.81 5.32

N 0.33 0.18 1.22 2.51 0.90 9.83

A 0.80 0.46 1.85 2.31 0.83 5.72
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Table S6. The linear regression between species and genomic diversity.

Genomic Diversity

Species Inverse
Diversity Shannon Simpson of
Simpson
Shannon
Bo 0.50 0.24 1.83
B 0.02 0.04 0.01
F119 0.00 0.03 0.00
R? -0.05 -0.05 -0.05
p 0.94 0.85 0.98
Simpson
Bo 0.78 0.40 1.95
B -0.26 -0.07 -0.10
F119 0.01 0.00 0.00
R? -0.05 -0.05 -0.05
p 0.89 0.95 0.97
Inverse of
Simpson
Bo 0.74 0.43 2.12
B -0.02 -0.01 -0.03
F1,19 0.37 0.25 0.21
R? -0.03 -0.03 -0.04
p 0.54 0.62 0.64
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Figure S1. Quality of the data set following filtering with VCF tools. This set only includes
individuals with less than 50% missing data per individual (65), and positions with less than
50% missing data across all individuals, a minor allele count of at least 2 and no indels
(10245 SNPs). (A) The read depth from each of the 65 individuals. (B) The read depth in each
individual at each position across the genome, high and low depth are represented by yellow and
blue color, respectively and missing data in the position in white
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Mantel test by Individuals distances

]

ooo

O ERH OBTDAID 000

Genomic distance
025
]

T T T T T
0 5000 10000 15000 20000

Geografic distance

Figure S2. Mantel test result from pairwise between individual genomic and geographic distance in
metres.
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Figure S3. The population number predict by LEA package and the number of genomic clusters
predict by discriminant analysis (DAPC). (A) Cross-entropy found by the ddRAD data set from with

genomic by individuals suggesting only one population ancestral. (B) DAPC results where the lower
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Figure S4. The membership of each individual to each genomic cluster.The membership probability

to distinct clusters are strong (red) or weak (yellow).
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Figure S5. Relation between genomic and species diversity index. To diversity index used was
Shanonn, Simpson and Invers of Simpson which was respectively evaluate in genomic and species
diversity as gen_Shan, gen_Simp, gen_InvrS, sp_Shan, sp_Sim and sp_InvS.
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Abstract

We evaluated the causes and consequences of butterflies dispersal in a macroevolutionary
perspective. The dispersal capacity was inferred using different morphological traits as
thorax volume, wing loading, aspect ratio and wing shape. To access the forces that shaped
the dispersal traits along of Nymphalidade evolution, we compared different evolutionary
models. Moreover, we evaluated the dispersal effects on speciation and extinction rates
using the QuaSSE and ES-sim methods. We found no evidence that directional selective
pressures shaped the evolution of dispersal traits: the changes in dispersal traits were
equivalent with the Brownian Model expectation. On the other hand, the impact of
dispersal capacity on speciation and extinction was unclear, considering the effect from
dispersal traits to speciation and extinction rate and comparing distinct traits acting on
these processes. The difference between dispersal trait affecting the speciation and
extinction rate could be related to specifics aspects of dispersal, as speed and flight
performance, which are, respectively related to, wing loading and aspect ratio indexes.
While, the flight speed decreased the speciation rate, the flight performances increase the
speciation in the extreme values representing distinct wing shape. On the others hand, the
ES-sim result suggest the dispersal did no effect the speciation rates. However, the BM
model could explain the evolution from these dispersal trait. The wing loading and aspect
ratio affect differently the speciation and extinction rate. Finally, our work adds an
important contribution to understand the wingers dispersal in a macroevolutionary

perspective.

Keywords: Quasse, ES-sim, phylogenetic comparative methods, morphometric geometric,
aspect ratio, wing loading
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Introduction

The possibility of flying is one of the most important aspects of wings, since they enable
exploring new habitats across space, time and seasons (1,2). On this way, the dispersal
capacity evolved as cause, but also, consequence of ecology and evolutionary dynamics.
Using the phylogenetic comparative methods is possible to investigate how dispersal traits
change over time considering the occurrence or not of some selective pressure during
evolution. Using this methods we can discriminate concurrent evolutionary processes
underlying evolutionary dynamics (3) and infer some ecological aspects related to
adaptation. The impacts generate by different selective pressures acting repeatedly in
microevolution along of different developmental stages in butterflies considering the depth
time, could result in some different evolutionary models selected. Some models could

explained by the drift, the vicariance, the adaptive radiation and the speciation process (4).

Besides that, the flying capacity influenced the emergence and evolution of new
ecological interactions, such as the pollination. For example, the coevolution between
insects and plants influenced the angiosperms radiation (5). Besides that, the increase of
dispersal capacity is likely to strongly influence the wingers evolution, which brings potential
consequences for gene flow across space (6), and ultimately for population genetics (7)
which impact the diversification rate. On this way, the effect of dispersal on speciation rate
was already evaluated for different organisms (8—12). In a scenario of intense dispersal
followed by reduced gene flow, strong natural selection (13), population isolation (14), an
increased speciation rates are expected. However, one interesting dispersal scenario is the

|II

“intermediate dispersal” model, where the intermediate dispersal capacity is related to high
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speciation rate. (15) found that intermediate dispersal was more strongly related to

speciation rates while high and low dispersal capacity reduces the speciation rates.

In the butterflies group, the diversification rates was already documented as related
to climate change, host plant use and geological events (16—18). Although all these factors
are affected by dispersal capacity, until de moment, little is known about the direct effects
from the dispersal on butterfly diversification. Therefore, Nymphalidae is an interesting
winged group for evaluate the causes and consequences of dispersal in butterflies. Widely
distributed across the globe, this family show a high species diversity levels and an amazing
variety of morphological features and habitat uses. The big associations between the
environments factors allowed many cases of coevolved between butterflies and host plant
(19). Understand the butterflies’ dispersal trait evolution and the effects from these
processes to Nymphalidae evolution allow us to clarify the drivers that impact the

butterflies’ evolution and then to another’s related groups.

Our goals in this study were: (i) to evaluate the most plausible evolutionary model
underlying the variety of dispersal-related traits in Nymphalidae; (ii) access the effect of the
dispersal on speciation and extinction rates in Nymphalidade. We hypothesize that (i) all
dispersal traits evolved under some selective pressures to one optimal value and the same
evolutionary model could explain the evolution from the different dispersal traits; and, (ii)
the intermediate dispersal capacity will be related to high speciation rate, while the

dispersal capacity will be negatively association to extinction rate.
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Material and Methods

Species sample

Morphological traits were obtained from 830 individuals from 280 butterfly species, around
50% of the species included in the Nymphalidae phylogeny (20). Dry mounted specimens
were photographed using a Canon camera (EOS 550D, Rebel T2i). Most samples (806
specimens) were obtained in the Zoology Museum UNICAMP (Campinas, Sdo Paulo, Brazil)
and additional 24 samples were obtained from internet repositories (Table S1). Only images
containing a reference scale were used for trait measurements based on either dorsal
and/or ventral photo side. The number of individuals analysed for each species varied from
one to six, and took into account the proportion of males and females (Table 1). The
taxonomic representativeness (based on genera) in relation to the Nymphalidae phylogeny

proposed by (20) is presented in Figure S1.

Dispersal traits measurements

The dispersal is a complex process (21). For better understand distinct
dimensionalities of that, four different morphological dispersal traits were selected as
proxies, the aspect ratio (AR), the wing loading (WL), the thorax volume (TV) and the wing
shape (WS). However, all traits were related to dispersal, each one capture distinct
functional aspects of dispersal in butterflies (sensu (22)). The AR combines information on
forewing length (FWL) and forewing area (FWA) (see Figure 1) and is the most traditional
trait used for estimate dispersal capacity of wingers (11,23-25). The AR is associated with
the WS (Betts & Wootton, 1988) and both are related to flight performance in butterflies

(27-29). However, while the AR is negatively related to speed (30) the indexes that take into
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account the muscular allocation for flight, accessed by thorax volume (TV), alone or

associate to wings area value by WL index, was positively related to speed fight. The TV

values was predict by the thorax length [TL] and width [TW]) (31), which was used associate

to wings area (forewing - [FWA] and hindwing - [BWA]) for infer the WL value (32). The AR,

WL and TX measurement were performed by AxionVision software (release 4.9.1; Carl Zeiss)

and were infer by the respectively formula, as follows:

Figure 1. Morphological dimensions of butterflies used to calculate aspect ratio (AR) and

TV

WL =
(FWA + BWA)

Where, TV = %ﬂ X (m)z X L

2

wing loading (WL): forewing area (FWA) in blue; hindwing area (BWA) in yellow. The red line

indicate the length of forewing and the two green lines are thorax length (TL, the vertical
line) and width (TW, the horizontal line), both measures used to infer the thorax volume

(TV, in pink).
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Considering that the flight in butterflies is mostly driven by forewings (33,34) we
measured the forewing wing shape (WS) by geometric morphometric (GM) tools.
Therefore, the image from each individual was incorporated in TPSDig (version 2.17; (35)). In
order to identify the landmarks in distant related species from Nymphalidae we used nine
landmarks, the same used by (28) (Figure 2). The landmarks are homologues among the
species, having the biological correspondence in anatomic position between the forms (36).
The landmarks are located on the forewing margin and were marked by the same person
(DOR). We overlap the landmark coordinates using Generalised Procrustes Analysis (GPA)
(37) in TPSRewl 1.49 (38). The GPA removes differences not related to the shape, like the
scale, the position and the orientation (39,40). The wing shape mean was obtained firstly
into each sexes and after for each species. After that, we calculated, in R software (41), the
mean wing shape for all species and the difference between the wing shape mean to each
species as used as residual matrix (42), which was used in a Principal Components Analysis
(PCA) as explore analyses. This procedure allows us to reduce the dimensionality of data set

and work the variable independently (43).

For evaluate the phylogenetic and morphological traits autocorrelation, we evaluate
the pairwise relationship between the linear traits using the Phylogenetic Generalized Least
Squares models (PGLS; (44)) which were log transformed and Partial Least Squares
Regression (PLS) from geomorph package (45) in R, from evaluate the correlation between

linear to multivariate trait, as WS.

108



Figure 2. Landmarks used for inter the wing shape in Nymphalidade group. The determined
marks are in the meeting between the veins.
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Table 1. The distribution of the samples into different taxa levels.

Subfamily Tribe Genus Species Individual
Apaturinae 1 1 3 5
Biblidinae 6 17 46 153
Charaxinae 3 12 29 86
Cyrestinae 1 1 2 4
Danainae 2 25 39 162
Heliconinae 4 10 24 74
Limentidinae 1 1 17 31
Nymphalinae 5 16 25 74
Satyrinae 6 53 91 237
Limenitidinae 2 2 2 2
Libytheinae 1 1 1 1
Calinaginae 1 1 1 1
TOTAL 33 140 280 830
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Nymphalidae phylogeny

We used the original dated Nymphalidae phylogeny proposed by (20), which was built
considering the 10 genes and 235 morphological characters. For to obtain a most robust
phylogeny, eleven new genera (Taygetomorpha, Blepolenis, Capronnieria, Cybdelis,
Eryphanis, Selenophanes, Splendeuptychia, Archeuptychia, Cissia, Carminda, Pseudodebis
and Paryphthimoides), did not include in the original phylogeny, were added. The inclusion
kept the correct phylogenetic relationship between the related species. Information on the
phylogenetic position of these genera in the phylogeny was obtained from (18,46-48),
Freitas et al. (in prep.), and Barbosa et al. (in prep.). The genus information from the original
phylogeny was refining to species levels. In cases where two or more species from the same
genus were including, we kept the phylogenetic relationships according the literature and
resolving the polytomies (Figure S2). Finally, we removed all species which we had no

information about the traits. The final phylogeny used is on Figure S2.

Estimating evolutionary model for dispersal-related traits

To estimate the best model which explain the morphological dispersal traits evolution in
Nymphalidae we used the continuous models of evolution based on maximum likelihood
(49,50) available in the “fitContinuous’ function implemented in the R package geiger (51).
The analysis was conducted taking into account distinct evolutionary scenarios. The simplest
evolutionary model analysed was the Brownian Motion (BM, (52)), according the trait value
change as a result of time and taxa. In this case, as many as no selective pressure could act
along of the trait evolution, but no to one optimal value. The selective pressure acting on

the trait evolution that conduct to one optimal value as function of a stabilizing selection
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strength was evaluate by the (1) the Ornstein-Uhlenbeck (OU, (53)) model. On the other
hand, on the Early-Burst model (EB,(50)), the trait value increases or decreases the
evolution rates exponentially along time. Finally, to evaluate possible influences of
punctuated equilibrium on dispersal evolution we tested the kappa model (49), where
changes in trait values are related to the speciation time. Moreover, we compared all
models to a white noise process where the trait is assumed to evolve independently of
phylogenetic relationships among species, following a normal distribution with mean = 0
and variance = 1. Considering that the measurement errors, intraspecific and sex variation,
can inflate the variation measurement and the estimated models, we calculate the standard
error to morphological dispersal trait for each sex, firstly, and then for each species. Finally,

we selected the best models by Akaike Information Criterion (AIC)(54).

Diversification in Nymphalidae by dispersal traits

For evaluate the relationship between morphological dispersal traits affecting the
Nymphalidae diversification (speciation minus extinction) we used the QuaSSE method
(Quantitative State Speciation and Extinction (55)) from Diversitree (56) package in R
software. However, take into account it high Type | error [58], [59] we also run also the ES-
sim [60] test, which was evaluate considering only the speciation rate. The relationship
between each dispersal trait and Nymphalidae diversification was investigated

independently for each trait.

The QuaSSE method considers that the speciation and extinction are like birth-death
process, which are functions of the continuous variable that evolves according to a diffusion

process (55). Therefore, for each morphological dispersal trait four different functions to the
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speciation rates and two for extinction rates were built. The models built to understand how
dispersal traits are associated with speciation rates were: (i) Constant, the speciation rate
remains constant along of the trait values, therefore the dispersal did not affect the
speciation rate; (ii) Linear, the speciation rate changes linearly according the trait values; (iii)
Sigmoidal, trait values changes according to the speciation rate in a sigmoidal relation; and,
(iv) Unimodal, dispersal affect the speciation rate as the Gaussian model (55). On the other
hand, the models built to understand the dispersal affect the extinction rates were: (i)
Continuous, where the dispersal did not affect the extinction rate; and: (ii) Linear, where the
traits values are a linear relation to extinction rate. All functions were created in QuaSSE
models and estimated using maximum likelihood were part of Diversitree (56) package in R.
We also used the AIC information-theoretic approach to compare the models (54). In
addition, the relative supports for particular parameters model averaging approach across
the models were assessed by summing the probabilities of the models in which a particular

parameter was present.

Results

Morphological dispersal trait relations and evolution

Considering all morphological dispersal traits, the PGLS results show a strong correlation
between WL and TV and between AR and WS (Table S2; Figure S3). Our results also suggest
a negative relationship between WL and TV to AR. The Partial Least Squares regression (PLS)
result suggest that WS are more strongly related to AR to others dispersal trait (r = 0.87)
(Figure S3). The scatter plot to all correlation according each species in Nymphalidade is

showed in Figure 3.
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The morphological dispersal traits evolved mainly by Brownian model (BM), take into
account the selected model and/or parameter value from the best support models (Table
2). Although the BM is the most plausible, the different morphological dispersal traits
evolved under another’s evolutionary models, probability related to distinct dimensionality
include in these indexes. The EB (Early-Burst) model was the unique selected model to
explain the thorax volume (TV) evolution, therefore, the parameter value decreased slowly
though the phylogeny. Besides the TV, the wing loading (WL) also evolved by EB model,
however, the parameter value are more related to EB model in TV than in WL (Table 2). On
the other hand, the traits related only to the wings aspects captured by aspect ratio (AR)
and wing shape (WS) evolved also by kappa and OU (Ornstein-Uhlenbeck) models (Table 2),
respectively, related to stochasticity and some selective pressure occurrence. However, the
OU was most strongly related to the WS considering the weight and parameter value (Table
2). However, these another evolutionary trait affected the morphological dispersal trait

evolution, the BM is the best and congruent model for explain the dispersal evolution.
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Figure 3. Trait values from aspect ratio and wing loading along the Nymphalidae phylogeny.
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Table 2. Evolutionary model selected and respectively parameters from the morphological

dispersal trait: the aspect ratio (AR), the wing loading (WL), the thorax volume (TV) and the
wing shape (WS). The model tested were Brownian Motion (BM), kappa, the Ornstein—
Uhlenbeck (OU), Early Burst (EB) and white noise (white). The corresponding the diffusion
rate (0°), the number of the parameter (k), the standard error (SE), the Akaike information

criterion (AlCc) and delta AIC (AAIC) and it respectively weight (w) from each model were

included.
Model o’ parameter k SE AlCc AAIC w
Aspect ratio
kappa 0.0317 k= 0.802 4 0.592 668.865 0.000 0.356
BM 0.0202 3 0596 668.904 0.039 0.349
ou 0.0218 o= 0.003 4 0.589 670.353 1.488 0.169
EB 0.0202 r= 0.000 4 0.596 670.963 2.098 0.125
white 2.2635 3 0.000 1037.123 368.258 0.000
Wing loading
BM 0.0001 3 0.065 -858.697 0.000 0.435
EB 0.0002 r= -0.011 4 0.060 -857.614 1.083 0.253
ou 0.0001 a= 0.000 4 0.065 -856.638 2.058 0.156
kappa 0.0001 k= 1.000 4 0.065 -856.638 2.058 0.156
white 0.0027 3 0.100 -692.103 166.594 0.000
Thorax volume
EB 0.1241 r= -0.035 4 0.291 1476.168 0.000 0.824
BM 0.0149 3 0.160 1480.395 4.227 0.100
kappa 0.0212 k= 0.867 4 0.109 1482.191 6.023 0.041
ou 0.0149 a= 0.000 4 0.160 1482.454 6.285 0.036
white 0.3969 3 1.168 1553.462 77.293 0.000
Wing shape
ou 0.0001 a= 0.006 3 NA -1102.670 0 0.4
kappa 0.0001 k= 0.814 3 NA -1102.100 0.562 0.3
BM 0.0001 2 NA -1101.430 1.235 0.22
EB 0.0001 r= 0.000 3 NA -1099.390 3.279 0.08
white 0.0037 2 NA -766.310 336.3 0
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Speciation and extinction rate

Take into account that the WL was related to TV and AR to WS, we run the speciation and
extinction analysis only for WL and AR. The respective values from this trait are represented
in Figure 3. However, while by QuaSSE method, the WL and AR affect the speciation, by ES-

sim method no.

The results found by QuaSSE method suggest that the AR and WL affected differently
relationship to Nymphalidae speciation rate. There is a negative and unimodal relationship
between AR to speciation rate. Therefore, both low and high AR values were related to high
speciation rate comparing to intermediate dispersal (Table 3; Figure 4). On the other hand,
the relationship between AR to extinction rate appears to be less important, which could be
constant or linear, however, in a linear the slope is weak (Table S3; Figure S5). On the other
hand, the WL impacts the speciation rate like a negative exponential relationship (Figure 4).
Although, the selected models were the unimodal or sigmoidal (Table 3), both are
congruent to a negative exponential relationship (Figure 4), once the selected unimodal
model was restricted to the values of the WL. We could do not run a model where the
speciation and extinction are linear, probably due to poor fit as predict by (56). Besides that,
contrarily to AR, the WL impact the extinction rate as linear relationship, however, the slope

is weak (Table S5).

On the other hand, the ES-sim results suggested that the WL and AR did not affect
the speciation and extinction process, showing no significance in p neither in rho value.
However, the relation was more strongly in WL (-0.108, p = 0.37) than in AR (0.013, p =

0.91).
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Table 3. Diversification models for the morphological dispersal trait, the wing loading (WL)

and the aspect ratio (AR, and respective results. The combination between different

speciation and extinction rate to dispersal trait to each model: the number of parameters

(K); the log likelihood value; the Akaike Information Criteria (AIC); the delta AIC and

respective weight (w). The NA represents the model with poor fit.

Dispersal Log
Trait Speciation Extinction K likelihood AIC AAIC w
Wing loading
constant  constant 3 -732.23 1470.47 37.83 0.000
linear constant 4 -729.79 1467.58 34.94 0.000
sigmoid constant 6 -728.54 1469.09 36.45 0.000
unimodal constant 6 -730.12 1472.24 39.60 0.000
constant linear 4 -732.23 1472.46  39.83 0.000
linear linear NA NA NA NA NA
sigmoid linear 7 -709.52 1433.04 0.41 0.449
unimodal linear 7 -709.32 1432.64 0.00 0.551
Aspect ratio
constant  constant 3 -1494.71 2995.42 9.47 0.006
linear constant 4 -1494.66 2997.32 11.37 0.002
sigmoid constant 6 -1494.63 3001.26 15.31 0.000
unimodal constant 6 -1486.97 2985.95 0.00 0.716
constant linear 4 -1494.68 2997.36 11.41 0.002
linear linear 5 -1495.12 3000.24 14.29 0.001
sigmoid linear 7 -1494.68 3003.36 17.41 0.000
unimodal linear 7 -1486.94 2987.88 1.93 0.272
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Figure 4. The results between morphological trait, the aspect ratio (AR) and the wing
loading (WL), to speciation rate. The bold line is the model with the weight is high and the
grey line represent the second best model.
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Discussion

We evaluate for the first time the morphological dispersal trait evolution and it effects to
speciation and extinction rate in Nymphalidae butterflies. The dispersal capacity was
accessed by four different morphological traits, which capture distinct aspects. The dispersal
traits evolved mainly by Brownian motion, but few changes in each trait evolution was
found. The relationship between dispersal capacities to diversification process are unclear,
through the QuaSSE method the dispersal affect the speciation, but by ES-sim method no.
However, differently from ES-sim, the QuaSSE method considers the extinction rate which
could make some effect mainly in wing loading which shows a correlation to extinction. Our
result agree with Furnariid birds, both in relation to ES-sim (57) as to Quasse methods (11).
By QuaSSE the wing loading (WL) and aspect rate (AR) showed a different relationship to
speciation and extinction rate. Probability, distinct aspects from these morphological traits
affect the speciation rate in distinct ways, the WL more related to speed and AR to flight

performance.

However, we selected four different morphological traits for infer the dispersal
capacity, we found a significate association between WL to TV and AR to WS. These
correlation suggest these traits capture different dimensionalities from de dispersal, the WL
and TV associated to dispersal speed (32) and the AR and WS associated to flight
performance (27-29). Besides that, as (32), our data set suggest a negative relationship
between AR to WL and TV. This was also confirmed by the evolutionary model. In fact, we
believe, that the dispersal, as all, evolved by Brownian motion model and these traits
evolved with no directional selective pressure. Until we know, the dispersal evolved

randomly in wingers, once (11) found a similar result in birds. Besides that, taking into
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account that these traits captured different dimensionalities from the dispersal, others
evolutionary model were selected besides the BM. The unique evolutionary model selected
by TV, the Early Burst, affected also the WL evolution model. On this way, the variation in TV
value decreased through Nymphalidae history, contrarily the increase of changes from
adaptive radiation, typically related in some butterfly groups (58—60). The association to
more functionalities from wing (4,26,32,59,61,62) could explain the selection from many
evolutionary model while, the TV, for example are related as territorialism behaviours (32).
Therefore, the OU model selected by wing shape could predict the selective pressure acting
along wing evolution, where the microhabitat, as the host plant used in the caterpillar stage
(63), could be related to distinct wing aspects, both in taking into account the vertical

stratification (2), (27) and the geographic occurrence (61).

On the other hand, the relationship between dispersal capacity and speciation rate
in Nymphalidae is unclear. The same result found by Quasse (55) and ES-sim (57) method,
was found in birds (11,57). However, the result found using the WL in butterflies is
compared to AR in birds [14]. Therefore, if dispersal process affected the winger speciation
rate in the same way, a similar pattern was found between these morphological traits. In
butterflies the WL are related to speed dispersal (32). Probability the association between
QuasSSE and ES-sim methods could help us to clarify the dispersal effect considering distinct
dimensionalities, while the QuaSSE show a high Type | Error the ES-sim consider only the
speciation rate. In this ways, looking to QuaSSE results the distinct effect was found
between WL and AR to speciation rate, which could result of the distinct dispersal aspects
captured in each trait. The negative relationship between WL to speciation rate suggest that
the less dispersers have weak mobility, however, when they could move to a new places,

no others could, therefore start the genetic differentiation in distinct populations, which
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result in high speciation rate. On the other hand, the high dispersal affected negatively the
speciation rate, suggesting the high dispersers may result in genetic homogenization (11).
The high dispersal capacity will connect distinct populations. On the other hand, the
disruptive relation between AR to speciation rate in Nymphalidae, reinforce the idea that
the distinct wing shape was selected by different habitats (2,27,61), affecting the speciation
rate. Thus, butterflies with intermediate AR values could fly between distinct habitats and
no selective pressures to one form could be found. This will keep the genetic connection
and without generating of new species. However, the extreme AR value, are related to
different WS and probably could affect the speciation rate take into account distinct
habitats. However, the weak slope between dispersal trait and extinction rate suggested the
low impact of this dispersal to escape from predators and to avoid unfavourable conditions
(64-66). However, the WL show a linear effect to extinction rate, with high values
comparing to AR reinforce the importance to measure the extinction rate, however, it is

difficult to have a clearly comprehension about the real extinction process.

Conclusions

For the first time we evaluated the dispersal trait evolution and its influence on
butterfly diversification from a macro evolutionary perspective. Dispersal speed and
performance flight evolved randomly, like observed before in birds. Others functions, such
as the territoriality and environment could affected its evolution. Despite the opposite
results from ES-sim and QuaSSE method, both are very useful to understand distinct aspects
of the eco evolutionary dynamics and could clarify the trait effect in speciation rates. The

dispersal trait affected differentially the speciation rate, probably as result of distinct
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aspects of the dispersal as performance and flight speed. In fact, as (4) proposed different
filters work in the trait evolution, probably the WL affected mainly by biotic and AR by
abiotic filter. Finally, the dispersal in a macroevolution perspective add the importance of
traits along the evolution of insects lineage (e.g., (16,67,68) and wingers. The
macroevolution allows us to find a good conservation strategy for maintaining biodiversity

and predict how much the individual could support distinct impacts.
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Supplementary material

Table S1. Online data sources on butterfly traits accessed in this study.

Subfamily Tribe Species Web Site
Apaturinae Apaturini Asterocampa celtis 1
Calinaginae - Calinaga buddha 2
Charaxinae Charaxini Agatasa calydonia 3
Charaxinae Charaxini Polyura cognatus 3
Heliconiinae Argynnini Boloria alaskensis 1
Libytheinae - Libytheana carinenta 1
Limenitidinae Adoliadini Dophla evelina 3
Nymphalinae Nymphalini Aglais milberti 1
Charaxinae Preponini Anaeomorpha splendida 1
Satyrinae Satyrini Auca coctei 1
Satyrinae Satyrini Cercyonis pegala 1
Satyrinae Satyrini Cosmosatyrus leptoneuroides 1
Satyrinae Satyrini Eretris maria 1
Satyrinae Haeterini Haetera sp 1
Satyrinae Satyrini Manataria hercyna 1
Satyrinae Satyrini Manarebia monopis 1
Satyrinae Satyrini Mygona sp 1
Satyrinae Satyrini Neominois ridingsii 1
Satyrinae Satyrini Oeneis jutta 1
Satyrinae Satyrini Lethe anthedon 1
Satyrinae Satyrini Oressinoma typhla 1
Satyrinae Satyrini Neorina sp 2
Satyrinae Amathusiini Thauria aliris 2
Satyrinae Satyrini Coenonympha pamphilus 4

Web site: (1) Butterflies of America; (2) Ifoundbutterflies; (3) Wikipidia; (4) Boldsystems.
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Table S2. The relation between distinct morphological dispersal traits. The linear traits, the
wing loading (WL), the aspect ratio (AR) and the thorax volume (TV) were log transformed
and evaluate by PGLS. The results of these relations are represented as t value, being the
OU model the best adjustment. The relationship between the linear to multivariate traits,
the wing shape (WS), was evaluate by PLS and the table value represented the rho value. All
relationship was significate; the bold values represent the values with more strong

correlation between the morphological dispersal traits.

Morphological Traits WL AR TV
WL
AR -3.44
TV 23.83 -5.47
WS 0.51 0.87 0.60
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Table S3. The respective parameters estimate for trait-dependent speciation and extinction
from QuaSSE models related to wing loading (WL) and aspect ratio (AR). The specific
parameters to different speciation (A) and extinction (1) process take into account each
dispersal trait. About the A the distinct model were: (l.c) constant speciation rate; (l.y0)
linear speciation rate at the morphological trait is 0, mean the intercept of linear models, or
the rate at lowest values of the index for sigmoid and unimodal models; (l.y1) the speciation
rate at highest values of the index; (xmid) inflection point of the sigmoid or the place of the
maximum for modal models; (l.r) steepness of the sigmoid function; (l.s2) width (variance)
of the Gaussian function; (I.m) slope of linear models; (6° ) Brownian diffusion rate of trait
evolution. On the other hand the parameters from the p: (m.c) constant extinction rate and
(m.m) slope of linear model. The results from speciation and extinction linear did not work

which was representing by NA. The bold models are the most explicative models defined by

AIC criteria.
A M
l.r
l.c l.s2
speciation extinction l.yo Lyl lxmid Lm o’ m.c m.m
Wing Loading
constant constant 0.046 0.0001 0
linear constant 0.059 -0.098 0.0001 0
sigmoid  constant 0.05 0 0.315 17.712 0.0001 0
unimodal constant 0.169 0 0.984 1.160 0.0001 0
constant linear 0.046 0.0001 -0.01 -0.0657
linear linear NA NA NA NA NA
sigmoid linear 0.117 0 0.081 6.187 0.0001 8.32 -2.831
unimodal linear 0.438 0 0.658 1.161 0.0001 9.029 -3.170
Aspect Ratio
constant constant 0.046 0.0257 0
linear constant 0.038 0.001 0.0257 0
sigmoid  constant 0.044 0.05 11.402 0.52 0.0257 0
unimodal constant 0.052 0.002 11.526 0.092 0.0258 0
constant linear 0.046 0.0259 0.029 -0.0081
linear linear 0.014 0.003 0.0259 -0.009 -0.0153
sigmoid linear 0.046 0.012 30.649 4.197 0.0259 -0.026 -0.0591
unimodal linear 0.052 0 11.521 0.086 0.0258 0.023 -0.0615
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Figure S2. Phylogenetic relationships between Nymphalidae species analysed in this study
and relative references used for the insertion of the species in the phylogeny.
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Figure S3. The Phylogenetic Generalized Least-Squares (PLGS) result from the correlation

between Wing Loading and thorax volume.
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Figure S4. The Partial Least Squares regression (PLS) results, from the wing shape obtained

by geometric morphometric and aspect ratio.
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Figure S5. The relationship between aspect ratio (AR) and wing loading (WL) to extinction
rate. The bold line is the model with more weight and the grey line are the model with

second best weight.
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CONSIDERACOES FINAIS

A dispersdo afeta e é afetada por distintas dindmicas ecoldgicas e evolutivas tanto
em escala micro quanto macroevolutiva. A presente tese acessou os processos dispersivos
nestas escalas, o que possibilitou a proposicdo de um arcabouco tedrico para entender a
variacdo na forma da asa nestes distintos niveis ecoevolutivos considerando as distintas
etapas de desenvolvimento das borboletas. Além disso, testarmos empiricamente como
alguns filtros, bidticos e abidticos, preditos no arcabouco tedrico, afetaram a capacidade de
dispersao, inferida através de informagdo genética e morfoldgica nas distintas escalas
evolutivas. Numa escala microevolutiva avaliamos como diferentes ambientes, tipos de
cultivo de banana, com e sem uso de agrotoéxicos, afetaram: (i) a dispersdo de individuos de
uma populacdo, (ii) a formacdo de populacdes genéticas e (iii) a diversidade genética e de
espécies em cada local. Numa escala de tempo maior, macroevolug¢do, acessamos: (i) os
modelos evolutivos que estariam explicando a evolucdo dos atributos preditores da
capacidade da dispersao, e: (ii) os impactos da dispersdo sobre processos de especiacdo e
extingdo em Nymphalidade. Por fim, encontramos evidéncia da atuagao de filtros bidticos e
abidticos sobre a informacdo genética e morfoldgica em Nymphalidade, respectivamente,
avaliado a nivel micro e macroevolutivo. Ambientes mais similares a area nativa (Mata
Atlantica), como o sistema agroflorestal, apresentaram individuos com maior similaridade
genética. A informacdo genética correspondente a grupos genéticos mais distintos
ocorreram apenas em individuos que ocorreram na darea de cultivo agroflorestal e area
nativa, estando ausentes em individuos que ocorreram nas areas onde o cultivo de banana
era convencional, o que sugere homogeneizacdo genética em individuos que ocorreram em
areas com utilizacdo de agrotéxico. Por outro lado, considerando o nivel macroevolutivo,
encontramos que atributos morfolégicos relacionados a dispersdo evoluiram por deriva,
principalmente segundo o modelo Browniano e os diferentes aspectos morfolégicos
preditores da capacidade de dispersdao afetaram de maneira distinta os processos de
especiacdo e extincdo de Nymphalidae, provavelmente devido a diferenca funcional desses
atributos morfoldgicos para a eficiéncia do processo dispersivo. A carga alar, proporg¢ao
entre volume do tdrax e area da asa, diferencia-se do aspect ratio, pois esta mais
relacionada a velocidade de voo enquanto o aspect ratio da asa captura a forma da asa e

estd mais relacionada ao tipo de voo. Neste sentido, varias questbes inovadoras e
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pertinentes foram exploradas pela primeira vez. Os quais possibilitaram uma avenida de
novas direcoes a ser explorada, a fim de ampliar o entendimento da dispersdao e processos

associados, tanto considerando uma perspectiva micro como macroevolutiva.

Neste sentido, o arcabouco tedrico proposto na presente tese com o objetivo de
entender as principais etapas que moldam a forma da asa, pode ser estendido para outros
aspectos dispersivos, morfoldgicos ou ndo, e para diferentes escalas ecoldgicas e evolutivas.
Neste sentido, um novo arcaboucgo tedrico poderia ser proposto para o entendimento da
dispersao em borboletas. Para isso, uma profunda revisao poderia enfocar no entendimento
dos processos que moldam os atributos dispersivos em distintos niveis ecoldgicos e
evolutivos como: (i) a dispersdao a nivel genémico, dentro do genoma dos individuos, de
populacdo e de metapopulagbes, (i) a dispersdo num viés de comunidades e
metacomunidades, (iii) a inclusao de estudos a nivel de familia e diversificagao e, por fim,
(iv) os efeitos dos processos macro sobre os microevolutivos. Um enfoque para esses
fatores através de uma revisdo sobre a dispersdo pode ampliar o entendimento deste
importante processo considerando as distintas escalas ecoevolutivas. Aspectos recorrentes
nos distintos niveis podem ser processos chaves para o entendimento da dispersdo desde

uma escala micro como macroevolutiva.

O entendimento da dispersdo em sua menor unidade evolutiva poderia ser
explorado levando em consideragdo o movimento de fragmentos de DNA/RNA dentro do
genoma e entre genomas. Por exemplo, os elementos de transposicdo (TEs) caracterizados
por serem fragmentos de DNA ou RNA que se movem no genoma (dentro e entre), sejam
por replicar uma coépia de si mesmo ou ser excisado e inserido em outro local, sdo
apontados como uma importante forca evolutiva e a intensa movimentacdao dos TEs é
afetada pelos eventos estressantes do ambiente. O estudo destes fragmentos méveis ja foi
reportado em borboletas. O classico caso do melanismo industrial encontrado em Biston
betularia na Inglaterra estd relacionado ao aumento de transposons e maior ativacdo da
expressdo do gene cortex, o qual esta relacionado a pigmentacdo das borboletas (van’t Hof
et al 2016). Além disso, considerando o movimento destes, os transposons ja foram
associados com o aumento de hiperatividade em borboletas (Talla et al 2017). Associados a
importantes aspectos ecoldgicos e evolutivos os TEs apresentam varias semelhancas com

sistemas ecoldgicos (Brookfield, 2005) embora permanecam pouco explorados num
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contexto ecoldgico. Portanto, estudos ecoldgicos, incluindo o entendimento da dispersdo
dentro do genoma, podem ajudar a desvendar importantes fronteiras do impacto dos TEs
sobre a dispersdao em niveis taxondmicos maiores. Além disso, os TEs estdo associados a
controles epigenéticos como a metilagdo. Neste sentido, tanto considerando a revisao dos
principais fatores que afetam a forma da asa (capitulo 1) como na revisdo da genética da
dispersao feita por Saastamoinen et al. (2018), estudos epigenéticos sao apontados como
fatores com grande potencial para entender o efeito do ambiente sobre os processos

dispersivos tanto a nivel molecular como morfolégico.

Ainda dentro de uma perspectiva microevolutiva, a inclusdo de informagdo
genOmica a nivel individual e dentro de populacdes é extremamente relevante para
entender os fatores ecoevolutivos que sdo moldados por varidveis abidticas, como os
diferentes tipos de cultivos agricolas utilizados na presente tese. Isso viabilizaria entender
como diferentes partes do genoma respondem e se adaptam a diferentes fatores como o
uso ou ndo de agrotéxico em diferentes cultivos agricolas. Essa questdo é bastante
relevante para entender as dimensdes ecoevolutivas que sdo afetadas por distintos fatores
abidticos. Somado a isso, os processos microevolutivos de individuos de Heliconius ethilla
narcaea, pode ser mais bem explorado através da localizagdo de variagdes nucleotidicas
relacionadas a capacidade de dispersao em borboletas (Saastamoinen et al. 2018), as quais
ja foram descritas para outras borboletas como relacionadas ao processo dispersivo como o
gene Pgi. Sendo essa outra questdo que pode ser mais bem explorada para entender os

impactos dos tratamentos agricolas, com e sem uso de agrotdxico, sobre a genémica da

dispersao, tanto no nivel de individuos como de populacgdes.

Numa escala local, mas passando para o nivel de comunidade e de
metacomunidade, novas métricas para mensurar a biodiversidade podem ser utilizadas para
avaliar efeito dos filtros bidticos e abidticos, como a funcional e a filogenética, as quais
podem nos ajudar a entender melhor as diferentes dimensGes da biodiversidade. O
entendimento dos fatores que moldam a formagdo das comunidades locais adiciona
importante informacdo para ressaltar a importancia das distintas for¢cas, como fatores
ambientais, a equivaléncia ecoldgica e a dispersao, podem explicar melhor a formacdo das
comunidades locais. Finalmente, experimentos avaliando os impactos gerados a partir do

uso de agrotdxico utilizados em distintas intensidades podem ser realizados considerando
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diferentes estagios de desenvolvimento de borboletas e em diferentes espécies de
borboletas. Somado a isso, incluir nas anadlises informag¢bes de ecologia de paisagem
considerando os aspectos abidticos, tanto coletados no momento da coleta como das areas
do entorno, os quais possibilitardo entender como as caracteristicas da paisagem local e
regional poderiam estar atuando e moldando mais fortemente a informag¢dao gendémica,
filogenética, funcional e taxondmica, assim como diferentes niveis ecolégicos desde

populacdo, espécies até de comunidades, por exemplo.

Finalmente, considerando os aspectos macroevolutivos, uma avenida enorme de
possibilidades pode ser explorada para o entendimento da dispersao, seja considerando
aspectos associados como caracteristicas comportamentais e do ambiente onde as espécies
ocorrem. As diferencas no processo dispersivo podem ser moldadas considerando
caracteristicas ambientais. Tanto a forma da asa (Capitulo 1) como as caracteristicas
moleculares da dispersdao (Saastamoinen et al. 2018) ja foram reportadas como
possibilidade de ser moldada pelo ambiente. A necessidade de entender como o ambiente
molda os atributos morfolégicos preditores da capacidade de dispersdo torna-se bastante
importante. Além disso, estudos que incorporem a ocorréncia de caracteristicas
comportamentais, sejam comparando machos e fémeas ou tipos distintos de voos e
diferentes estratégias permitirdo separar e avaliar pressées seletivas conflitantes ao longo
da filogenia e entender como elas podem ter atuado para moldar as caracteristicas
morfoldgicas. Diferentes aspectos morfoldgicos podem atuar de maneira conjunta para
desempenhar uma determinada funcdo, neste caso sao conhecidos como moddulos. O
entendimento de como as distintas partes morfoldgicas atua possibilitam separar e
relacionar os distintos aspectos a suas funcbes seja formando maddulos distintos
(caracteristicas morfolégicas que apresentam fungdes distintas) ou diferentes aspectos que
atuam conjuntamente formando um maddulo (atributos apresentam funcdes que evoluiram

para desempenhar um papel similar).

Portanto, uma nova avenida de possibilidades pode ser explorada para aumentar o
entendimento da dispersdo tanto ao nivel micro como macroevolutivo, como, por exemplo,
acrescentando outras informacgGes intrinsecas ao processo dispersivo, como: (i) aspectos
comportamentais, (ii) inclusdo de outras pressdes seletivas, antagdnicas ou ndo ao processo

dispersivo, (iii) a modularidade dos atributos morfolégicos para realizacdo deste movimento
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e (iv) como os diferentes mdadulos podem responder as pressoes seletivas distintas. Ja numa
perspectiva morfoldgica, o entendimento da forma da asa como preditor do tipo de voo
pode ser mais bem explorado através do estudo mais aprofundado da enervagao da asa,
gue poderia estar relacionado ao melhor direcionamento de voo e especializacdo quanto ao
tipo de recurso utilizado. A capacidade de ser especialista, por exemplo, poderia estar
associada a um maior controle no voo através da disposicao das nervuras, pois esta
possibilita acessar o alvo desejado de maneira mais direcional. Isso poderia afetar outras
dimensdes da dispersdao como a escolha de planta hospedeira e a escolha de parceiro para
copular. Além disso, a inclusdo de estudos considerando a forma da asa posterior, o qual
poderia estar associado a dinamica de voo, possibilitaria um entendimento mais completo

das diferentes dimensodes da asa.

Referéncias bibliograficas

Talla V, Suh A, Kalsoom F, Dinca V, Vila R, Friberg M, Wiklund C, Backstrom N (2017) Rapid
Increase in Genome Size as a Consequence of Transposable Element Hyperactivity in Wood-
White (Leptidea) Butterflies, Genome Biology and Evolution, 9: 2491 — 2505.

Saastamoinen M, Bocedi G, Cote J, Legrand D, Guillaume F, Wheat CW, Fronhofer EA, Garcia
C, Henry R, Husby A, Baguette M, Bonte D, Coulon A, Kokko H, Matthysen E, Niitepdld K,
Nonaka E, Stevens VM, Travis JMJ, Donohue K, Bullock JM, del Mar Delgado M (2018)
Genetics of dispersal. Biological Review, 93: 574-599.

Brookfield JFY (2005) The ecology of the genome mobile DNA elements and their hosts.
Nature, 6: 128-136.

142



