UNIVERSIDADE FEDERAL RURAL DE PERNAMBUCO
UNIVERSIDADE ESTADUAL DA PARAIBA
UNIVERSIDADE FEDERAL DE PERNAMBUCO
UNIVERSIDADE DE PERNAMBUCO

PROGRAMA DE POS-GRADUACAO EM ETNOBIOLOGIA E
CONSERVACAO DA NATUREZA

Paulo Mateus Martins Sobrinho

Macroecologia de parasitos: como espaco, clima e hospedeiros
determinam a diversidade de helmintos em amplas escalas
espaciais

Recife-PE
2021



Paulo Mateus Martins Sobrinho

Macroecologia de parasitos: como espaco, clima e hospedeiros
determinam a diversidade de helmintos em amplas escalas
espaciais

Tese submetida ao Programa de POs-
Graduacdo em  Etnobiologia e
Conservacdo da Natureza (UFRPE,
UEPB, UFRPE, UPE) como parte dos
requisitos para obtencdo do titulo de
doutor.

Orientador:
Prof. Thiago Goncalves Souza

(Universidade Federal Rural de Pernambuco)

Coorientador:
Prof. Robert Poulin
(University of Otago)

Recife-PE
2021



Dados I nternacionais de Catal ogacéo na Publicacio
Universidade Federal Rural de Pernambuco
Sistema Integrado de Bibliotecas
Gerada automaticamente, mediante os dados fornecidos pelo(a) autor(a)

S677m

Sobrinho, Paulo Mateus Martins

Macroecol ogia de parasitos. como espaco, clima e hospedeiros determinam a diversidade de helmintos em amplas
escalas espaciais/ Paulo Mateus Martins Sobrinho. - 2021.
130f. :il.

Orientador: Thiago Goncalves Souza.
Coorientador: Robert Poulin.
Inclui referéncias, apéndice(s) e anexo(s).

Tese (Doutorado) - Universidade Federal Rural de Pernambuco, Programa de Pés-Graduagdo em Etnobiologiae
Conservacdo da Natureza, Recife, 2021.

1. macroecologia. 2. clima. 3. espago. 4. diversidade de parasitos. 5. anfibios. I. Souza, Thiago Goncalves, orient. I1.
Poulin, Robert, coorient. I11. Titulo

CDD 304.2




Macroecologia de parasitos: como espaco, clima e hospedeiros determinam a diversidade de
helmintos em amplas escalas espaciais

Tese defendida e aprovada em: 05/07/2021

Presidente

Prof. Thiago Gongalves Souza (Titular)
Universidade Federal Rural de Pernambuco

Examinadores

Profa. Ana Margarida Coelho dos Santos
Universidad Autdnoma de Madrid

Prof. José Alexandre Felizola Diniz Filho
Universidade Federal de Goias

Prof. Dr. Felipe Pimentel Lopes de Melo

Universidade Federal de Pernambuco

Profa. Dra. Paula Braga Gomes
Universidade Federal Rural de Pernambuco

Recife-PE
2021



Epigrafe

"E como nas grandes histdrias, Sr. Frodo, as que
realmente importaram. Cheias de escurid&o e perigo, e as
vezes vocé ndo quer saber o fim. Porque como o final
poderia ser feliz? Como o mundo poderia voltar ao modo
como era gquando tantas coisas ruins haviam acontecido?
[...] As pessoas nessas histdrias tiveram muitas chances
de voltar atras, s6 que nédo o fizeram. Eles continuaram,
porque estavam segurando em algo. [...] O bem que ha
neste mundo, Sr. Frodo, pelo qual vale a pena lutar.”

(Sam Gamgee)
O Senhor dos Anéis: As Duas Torres por J. R. R. Tolkien



Agradecimentos

Ao Deus e Pai de Jesus Cristo, a quem devo a minha vida e todo o bem que me tem acontecido.
Também a minha familia querida, minha base e meu auxilio. Agradeco aos meus pais Isabel e
Paulo por sempre terem alimentado o amor a natureza em mim desde a infancia, cada um do
seu jeito. Quando crianga as pessoas me perguntavam o que eu gostaria de ser quando crescesse,
e me lembro de responder que queria ser cientista e trabalhar com animais. Creio que estou
finalmente chegando 1a. Obrigado, mée, por sempre me comprar varios livros e documentarios
sobre bichos, os quais eu gosto tanto e tenho guardado com carinho até hoje. Obrigado por me
considerar um bi6logo desde crianca e comprar microscopios de brinquedo pra eu ficar olhando
formigas e casca de cebola. Obrigado, pai, pelas escapadas que a gente dava pro meio do mato
em Aldeia pra ficar admirando a paisagem e comendo frutas do pé. Saudades dos nossos
passeios. Também agradeco as minhas irmas Lais e Débora por me aguentarem, apesar de eu
ser bem chato. Obrigado por terem orgulho de mim e vibrarem com minhas vitdrias. Amo
vocés! Também meu muito obrigado a minha namorada, Poli. Obrigado por estar sempre
comigo, por toda amizade, companheirismo e amor. Também obrigado pela paciéncia e por
entender meus sumigos quando eu preciso focar no trabalho. Caminhar ao seu lado tem sido um

privilégio enorme! Eu nem consigo expressar o quanto vocés todos me mantém andando.

Aos que conviveram comigo no Laboratério de Sintese Ecoldgica e Conservacdo da
Biodiversidade (ECOFUN) desde que eu cheguei. Obrigado ao meu orientador Thiago
Gongalves-Souza por me aceitar quando eu o procurei ha quatro anos e meio sem saber de quase
nada. Obrigado por investir tempo, confianga, energia e paciéncia na minha formacéo. Obrigado
ao meu coorientador Robert Poulin por ter aceitado ajudar na orientacdo da minha tese e por ter
me recebido no seu laboratério durante o doutorado sanduiche. Obrigado também aos meus
queridos amigos do lab. A amizade e paciéncia de vocés foi crucial para 0 meu crescimento
como pesquisador e ser humano. Obrigado Arthur, Cassio, Gabi, Gabriel, Ingrid, Paulo, Pedro,
Reginaldo e Theo. Vocés sdo os melhores! Um agradecimento especial também ao meu amigo
Leonardo Chaves. Obrigado por todos os conselhos, pelo apoio e pelo suporte. Sua amizade é

muito estimada por mim.

A Universidade Federal Rural de Pernambuco e ao Programa de Po6s-Graduacio em

Etnobiologia e Conservagéo por todo apoio estrutural e logistico.



A Coordenagio de Aperfeicoamento de Pessoal de Nivel Superior (CAPES) pela bolsa de
doutorado e pelo privilégio de ter passado sete meses na Nova Zelandia pelo programa Ciéncia

sem Fronteiras.



Sumario

RESUMIO. ...ttt h e e e st e b e et e R e sn e R e e e E e nn e 3
AADSTFACT ... bbbt bbb b 5
O [0 (o To [0 oF: (o T €T | OSSR 7
1.1. Objetivos € QUESTIONAMENTOS. .......ccviieiieiieeieseeseee st ste e ste e e e e sreesaeaseesreeneas 7
1.2.EStratégias 08 PESQUISA .......ccvveieiriesieeieiiesieeitestee e eaesteestaeae e este et e ssaesteeseesneesseaneesneenrs 7
1.3 ESTIULUIA 08 TSR .. ueeteeuiesiieiteetie st enie ettt st e e s bt et e et e beenbeenbesneenbeeneenbeebeeneenreenrs 8
2. FUNAAMENTAGAD TEOMCA ...c.veueeuiieeieiieie sttt bbbttt 8
2.1. Ecologia em amplas SCAlAS..........ccouiiiiiiiiiiere e 8
2.2. Padroes e processos em amplas escalas eSPaCIalS. ........ccerverereriririnieiene e 9
2.3. Parasitos € SEUS BTRITOS ... ...uiuiiieiieie ettt re e 11
2.4. O estudo da diversidade de parasitos em amplas escalas espaciais ............ccccceevrvruene. 12
L C (=T =] 0T - TSRS 13
3. Artigo 1: Integrating climate and host richness as drivers of global parasite diversity....... 18
ADSTIACT ... bbbttt bbb ne 20
T Yoo [0ox 1 o] o SOOI 21
IMIBENOUS. ..ttt bbbt b ettt bbb ne e 23
RESUITS ...ttt bR bRttt ettt bbb ne e 26
Dol U 11 (0] o OSSP 27
(@0 0] 01 [ o SRS 30
L LE =T =] 0TSSR 31
Data AVATHADTIITY .....o.eoeeiii e 36
Artigo 1: Tabela € FIQUIAS ....cc.oiiiiiiiiieieie e 37
Artigo 1: Material SUPIEMENTAT .........coiiiiiiiiii s 40

4. Artigo 2: Broad scale drivers of parasite beta diversity among anuran hosts depend on scale,

realm and PAraSite GrOUD .....covueiieeiie et e sttt st e e sbe e e et e e e be e sreeabeeaneas 54

P AN 01 1 - (o AR 55



[a1 0T [0Te1 (o] o TR 56

IMIBENOGS . ...ttt 58
RESUIES ...t 62
DISCUSSION ...ttt bbb bbbttt b bbb et nn e 64
RETEIENCES ... bbbt bbb 69
Artigo 2: Tabela @ FIQUIAS .....ccuoiuiiiiiiieieeee e 74
Artigo 2: Material SUPIEMENTAN ..........cooiiiiiiii e 78
5. CONSIABIAGOES FINAIS. ... .cueititiiiiteiti ettt ene e 93
5.1. PrinCIpaiS CONCIUSDES .......ccueiuiiiiiiieiieieiesie ettt 93
5.2. Contribuices tedricas e/ou metodoldgicas da teSe..........covvveririrniriieieesesee e 94
5.3. Principais limitagcBes dO €StUAO.........ccveiiiieiicce e 94
5.4. Propostas de investigagies fULUIAS.........ccccveiieiiiieiecce e 95
ST @ (0= 4= o (o I PSP PRTPR 95
Anexo |. Normas para submissdo na revista Global Ecology and Biogeography................... 96

Anexo Il. Normas para submissdo na revista Philosophical Transactions of the Royal Society



Resumo

Um dos objetivos da macroecologia e da biogeografia como empreendimentos cientificos é
entender os principios que governam a diversidade bioldgica independentemente do grupo ou
sistema estudados. Em particular, estudar o que determina a diversidade alfa e beta de parasitos
em amplas escalas espaciais apresenta alguns desafios significativos. Esses organismos vivem
em estreita associagdo com seus hospedeiros, o que adiciona um nivel de complexidade que, se
ignorado, pode resultar em conclusdes precipitadas. Por exemplo, o clima e a riqueza de
hospedeiros sdo importantes preditores da diversidade alfa de parasitos na escala
macroecologica, mas seus efeitos sdo tipicamente tratados separadamente, apesar da
possibilidade de interacdes. Adicionalmente, a maioria dos estudos com diversidade beta em
larga escala sdo com ectoparasitos de mamiferos ou foram realizados na regido do Paleértico,
0 que apresenta oportunidades para investigar novas regides e grupos de hospedeiros a fim de
avancar na generalidade da teoria macroecoldgica para parasitos. Além disso, até onde
sabemos, nenhum estudo em grande escala foi conduzido para investigar como os preditores da
diversidade beta de parasitos variam com a escala. Portanto, com base em um novo banco de
dados de helmintos parasitas de anfibios, utilizamos modelos de equagfes estruturais para
investigar os efeitos diretos e indiretos do clima e da riqueza de hospedeiros sobre a diversidade
alfa de parasitos em escala global. Adicionalmente, usamos modelos generalizados de
dissimilaridade para investigar como os papéis relativos do clima, diversidade de hospedeiros
e distancia espacial sobre a diversidade beta de parasitos varia com a escala espacial (global vs.
regional) e regido zoogeografica (Neartico vs. Neotropical). Também investigamos se a selecao
de subconjuntos taxonémicos distintos do hospedeiro (familias) influencia as tendéncias gerais
na diversidade beta de parasitos. Em primeiro lugar, descobrimos que o clima afeta a riqueza
global de parasitas tanto direta quanto indiretamente por meio da riqueza de hospedeiros. Essa
descoberta é importante no contexto de co-extingbes em cascata causadas pelas mudancas
climaticas e enfatiza a importancia do uso de abordagens analiticas que permitem a avaliacdo
de relacGes indiretas entre preditores. Em relacdo a diversidade beta, encontramos que a
distancia espacial € o principal preditor da substituicdo de espécies em escala global e que sua
importancia relativa em relacdo ao clima diminui com a escala espacial. Similarmente,
demonstramos que a importancia relativa dos preditores estudados varia com a regido
zoogeografica. Curiosamente, encontramos resultados contrastantes ao comparar diferentes
familias de hospedeiros coletadas na mesma regido. Diferencas bioldgicas entre os hospedeiros

podem resultar em pressdes divergentes para a colonizacdo e persisténcia dos parasitos, o que



pode justificar uma investigacdo mais aprofundada. A principal mensagem desta descoberta
pode ser a importancia de incluir a historia de vida do hospedeiro em estudos de diversidade
beta de parasitos em escala macroecolodgica. Tais contingéncias sdo uma oportunidade para uma
exploracdo mais aprofundada, pois tém implicacGes importantes para a busca de preditores
universais da diversidade. Nosso estudo é uma nova contribuicdo importante para a
macroecologia de parasitos, integrando preditores da diversidade alfa e investigando o papel da
escala espacial, biorregido e subconjunto taxonémico do hospedeiro na substituicéo de espécies
de parasitos no espaco geografico. Até onde sabemos, este é o primeiro estudo com parasitos a

utilizar essas abordagens em escala tdo ampla.

Palavras-chave: macroecologia; clima; espaco; diversidade de parasitos; anfibios



Abstract

One of the goals of macroecology and biogeography as scientific endeavours is to discover
general principles that govern biological diversity regardless of biological group or the studied
system. In particular, studying parasite alpha and beta diversity at broad spatial scales presents
some significant challenges. These organisms live in close association with their hosts, which
adds a level of complexity that if ignored can result in wrong conclusions. For instance, climate
and host richness are important drivers of parasite alpha diversity at the macroecological scale,
but their effects are typically treated separately, despite the possibility of interactions. In
relation to beta diversity, most large-scale studies have either focused on mammalian
ectoparasites or on the Palearctic realm, which presents opportunities to investigate novel
realms and host groups in order to advance the generality of parasite macroecological theory.
Furthermore, to the best of our knowledge, no large-scale study has been conducted to
investigate how the drivers of parasite beta diversity vary with scale. Based on a novel dataset
of helminth parasites of amphibians, we used structural equation modelling to investigate the
direct and indirect effects of climate and host richness as drivers of parasite alpha diversity at
the global scale. Furthermore, we used generalized dissimilarity modelling to investigate how
the relative roles of climate, host diversity, and spatial distance as drivers of parasite beta
diversity vary with spatial scale (global vs regional) and zoogeographical realm (Nearctic vs
Neotropical). Additionally, we investigated whether selecting distinct host taxonomic subsets
(families) influences general trends in parasite beta diversity. First, we found that climate
affects global parasite richness both directly and indirectly via host richness. These findings are
important in the context of cascade co-extinctions caused by climate change, and they
emphasize the importance of using analytical approaches that allow for the evaluation of
indirect relationships among predictors. In relation to parasite beta diversity, we found that
spatial distance is the strongest predictor of parasite turnover at the global scale and that its
relative importance in relation to climate decreases at the regional scale. In addition, we
demonstrated that the relative importance of our predictors varies with the zoogeographical
realm. Interestingly, we found contrasting results when comparing different host families
collected in the same realm. Given that biological differences between hosts can result in
diverging pressures for parasite colonization and persistence, this may warrant further
investigation. The take-home message from this discovery could be the importance of including
host life-history specifically in parasite beta diversity studies at the macroecological level. Such

contingencies are an opportunity for further exploration, as they have important implications



for the search for universal drivers of parasite diversity at large scales. Our study is an important
new contribution to parasite macroecology, integrating predictors of parasite alpha diversity
and investigating the role of spatial scale, bioregion, and host taxonomic subset on parasite
species turnover across geographic space. To the best of our knowledge, this is the first study

on parasites to take these approaches on such a large scale.

Keywords: macroecology; parasite diversity; climate; space; amphibians



1. Introducédo Geral

1.1. Objetivos e Questionamentos

A presente tese teve como objetivo entender os fatores que determinam a diversidade e
composicao de espécies de helmintos em amplas escalas espaciais. Especificamente, buscamos
entender (1) quais séo os efeitos diretos e indiretos do clima e da diversidade de hospedeiros
sobre os padrdes globais da diversidade alfa de parasitos, e (2) como o efeito relativo do clima,
a diversidade de hospedeiros e a distancia geografica variam com a escala espacial (regional e
global), o grupo de parasitos (nematddeos e trematddeos) e a regido zoogeografica (Neartico e
Neotropical). Do ponto de vista tedrico, grande parte da teoria ecoldgica foi construida na
perspectiva dos organismos de vida-livre. Sendo assim, a consideracdo de como organismos
parasitas respondem aos mesmos preditores pode lancar uma nova luz sobre a generalidade das
explicacdes presentes na literatura atual. Do ponto de vista pratico, entender o que determina a
diversidade alfa e beta de parasitos pode ter implicacGes importantes para a conservacao. Por
exemplo, a riqueza de parasitos pode ser utilizada como uma medida da pressao de parasitismo.
Portanto, entender como diferentes varidveis estdo relacionadas a um aumento na riqueza de
parasitos nos ajuda a entender como estas mesmas variaveis estdo ligadas a um aumento na
pressdo a que uma espécie de hospedeiro esta sujeita. Adicionalmente, entender o que determina
a diversidade beta de parasitos ajuda a elucidar o que limita a distribuicdo geogréafica de

patdgenos.
1.2.Estratégias de Pesquisa

Por meio de uma revisao sistematica da literatura que incluiu 250 artigos e mais de 170
localidades, construimos um banco de dados global inédito de helmintos parasitas de anfibios.
Para o primeiro artigo, utilizamos uma combinagdo de modelos lineares generalizados mistos
(GLMMs) e modelos de equacdo estruturais (piecewiseSEM) para entender quais eram 0S
efeitos diretos e indiretos do clima (sazonalidade da precipitacdo, precipitacdo anual e
sazonalidade da temperatura) e riqueza de hospedeiros na riqueza global de helmintos parasitas.
Uma vantagem dos modelos mistos é a possibilidade de controlar certas fontes de dependéncia
nos dados através da inclusdo de fatores aleatérios. Por sua vez, através da abordagem de
modelos de equagles estruturais é possivel considerar multiplas variaveis e suas interagdes,
levando em consideracgéo tanto seus efeitos diretos como os indiretos sobre a variavel resposta.

Para o segundo artigo, utilizamos modelos generalizados de dissimilaridade (GDMs). Os



GDMs sdo extensdes do método de regressdo de matrizes, sendo um método bastante flexivel
que permite considerar a ndo-linearidade da taxa de substituicdo de espécies em relacdo aos

gradientes investigados.

1.3.Estrutura da Tese

A tese possui dois artigos correspondendo aos objetivos descritos acima. O primeiro
artigo ja se encontra publicado no periodico Global Ecology and Biogeography (doi:
10.1111/geb.13213) e esté focado na diversidade alfa de parasitos em escala global (objetivo
1). Até onde temos conhecimento, esse artigo trouxe uma abordagem Unica no estudo da riqueza
de parasitos em amplas escalas, integrando os principais preditores (climaticos e bioticos) e,
além disso, considerando tanto efeitos diretos (clima — parasita) quanto indiretos (clima —
hospedeiro — parasita). O segundo artigo estd aceito na Philosophical Transactions of the
Royal Society B: Biological Sciences. Neste artigo, focamos na diversidade beta nas escalas
global e biogeogréafica para investigar a importancia relativa de processos ligados a dispersao e
ao nicho na determinacdo da composicdo de helmintos em anuros (objetivo 2). Em especial,
testamos se existem preditores gerais da diversidade beta de parasitos independentes da escala
e parcela de hospedeiros estudados.

2. Fundamentacao Tedrica

2.1. Ecologia em amplas escalas

Um dos principais objetivos da ecologia enquanto ciéncia é entender quais fatores
determinam a diversidade biologica. No entanto, este € um termo multidimensional, cuja
decomposicdo em diferentes componentes é fundamental para que se torne operacional. Robert
Whittaker, por exemplo, prop6s que a diversidade bioldgica poderia ser expressa em trés
dimensoes: alfa, beta e gama (WHITTAKER, 1960; 1972). A diversidade alfa (ou riqueza de
espécies) corresponde ao numero de espécies encontradas em um local. A diversidade beta esta
relacionada as diferencas nas identidades das espécies (i.e., diferencas na composicao e riqueza
de espécies) entre localidades, sendo o elo entre a diversidade local (alfa) e a regional (gama)
(ANDERSON, 2011; WHITTAKER, 1960; 1972). Enquanto o foco na diversidade alfa esta em
quais processos afetam o nimero de espécies encontradas nas localidades, o foco na diversidade
beta se relaciona a entender que fatores definem a identidade das comunidades locais. Ambas

as énfases sdo igualmente importantes, tendo em vista que apresentam perspectivas



complementares acerca de quais fatores determinam a diversidade biologica (ver MOUSING
et al., 2016).

Na busca por explicar os fatores que determinam os padr@es historicos e atuais de
diversidade, os ecdlogos por muito tempo estiveram focados em processos ecoldgicos que
ocorriam em maior intensidade em pequenas escalas, tais como competicdo, predacdo e
condigdes abiodticas locais (RICKLEFS, 1987). Tal abordagem local (ou “tradicional”) foi o
berco para diversos avangos tedricos importantes da ecologia (e.g., CONNEL, 1961; PAINE,
1966; MACARTHUR e LEVINS, 1967). No entanto, as comunidades locais também séo
resultado de processos regionais, como eventos historicos, barreiras geograficas e gradientes
climaticos (RICKLEFS, 2004). Portanto, a integracdo de processos locais com processos que
ocorriam em escalas temporais e espaciais maiores foi um passo importante para o0 avancgo da
teoria ecoldgica para além das contingéncias locais (ver RICKLEFS, 1987; RICKLEFS, 2004).
Nesse interim, a abordagem macroecoldgica oferece uma perspectiva ampla e integra processos

em diferentes escalas na busca por explicar padrées gerais (BROWN, 1995).

Embora a macroecologia enquanto disciplina tenha sido formalizada no final do século
XX (BROWN e MAURER, 1989; BROWN, 2005), padrdes considerados macroecoldgicos
estdo presentes na literatura cientifica desde o periodo dos primeiros naturalistas. Por exemplo,
o gradiente latitudinal da diversidade, o qual descreve o aumento da riqueza de espécies em
locais de menor latitude, € conhecido desde o século XIX (HUMBOLDT, 1828). Desde entao,
dezenas de mecanismos ecoldgicos, historicos e evolutivos que combinam processos locais e
regionais foram propostos a fim de explicar o que determina a variacdo espacial na diversidade
alfa (PIANKA, 1966; ROHDE, 1992; WILLING, 2003; MITTELBACH et al., 2007). De forma
simples, a diversidade local é o resultado do balango entre processos ecoldgicos, histéricos e
evolutivos que adicionam e removem espécies ao longo do tempo (FINE, 2015). No entanto,
esse balanco vai depender de uma série de fatores, dentre os quais aqueles relacionados ao clima

atual e historico ocupam um lugar de destaque em varias hipoteses.
2.2. Padrdes e processos em amplas escalas espaciais

Existe uma forte relacdo entre a variacdo espacial na riqueza de espécies e variaveis
climaticas, especialmente temperatura e disponibilidade de agua (HAWKINS et al., 2003). A
produtividade, taxa de especiacdo e tolerancia fisiologica compfem trés das principais
hipdteses climaticas sugeridas na ecologia (WILLING et al. 2003; CURRIE et al., 2004). A



explicagdo mais comum para a relagdo entre a produtividade e a riqueza é que regides mais
produtivas suportam populagdes vidveis para uma maior quantidade de espécies (BROWN,
2014). Embora a relacdo positiva entre a produtividade e a riqueza em amplas escalas seja
comum (e.g., GILLMAN et al. 2015), o suporte para a explicagdo usual permanece
inconclusivo (CURRIE et al., 2004; STORCH et al., 2018). Em relacdo a taxa de especiacéo, a
hipdtese da “velocidade evolutiva” afirma que a temperatura tem um efeito cinético positivo na
diversificacdo, especialmente via altas taxas metabdlicas e tempos geracionais menores
(ROHDE, 1992). Apesar de algumas lacunas, ha suporte consistente para essa hipdtese
(GILLMAN e WRIGHT, 2015). Por fim, de acordo com a hipdtese da tolerancia fisiologica, a
riqueza é determinada pela quantidade de espécies que podem tolerar as condicdes abioticas
locais (CURRIE et al., 2004). O principal mecanismo tem relagdo com como climas amenos
permitem o surgimento de uma gama maior de estratégias funcionais, o0 que também encontra
suporte na literatura (SPASOJEVIC et al. 2014).

Assim como a diversidade alfa varia no espaco, a diversidade beta também é
espacialmente heterogénea. Um dos padrdes mais conhecidos € a diminui¢do da propor¢éo de
espécies compartilhadas (ou aumento da substituicdo) entre localidades com maior distancia
espacial ou ambiental. Esse padrdo pode ser explicado tanto por processos baseados no nicho
das espécies, como por processos relacionados a dispersdo (SOININEN et al. 2007).
Primeiramente, mudancas na diversidade beta podem estar relacionadas a resposta das espécies
as caracteristicas ambientais. Na sintese ecoldgica atual, esses processos baseados nas
diferencas do nicho s3o conhecidos como “selecao” (VELLEND, 2016) ou “alocacao de
espécies” (LEIBOLD e CHASE, 2018). Segundo, as diferencas na composicdo entre
localidades podem ter relacdo com a capacidade dispersiva das espécies ou pela existéncia de
barreiras a dispersdo. A influéncia da dispersdo na composicdo pode ser observada pela maior
diversidade beta em espécies com pouca capacidade de dispersdo (QIAN, 2009). E certo que
nenhum mecanismo poderia isoladamente explicar as variacdes observadas nas diversidades
alfa e beta, por isso sdo necessarios estudos que integrem diferentes preditores e suas interacoes
(e.g., RODRIGUES et al. 2017). Tal abordagem é vantajosa, tendo em vista que leva em
consideracao as interacfes encontradas na natureza, evitando dualismos irreais entre hipdteses

distintas.



2.3. Parasitos e seus efeitos

O parasitismo pode ser definido como um tipo de interacdo simbidtica interespecifica
onde um dos individuos (o parasito) é beneficiado em detrimento de outro individuo (o
hospedeiro). Parasitos passam ao menos parte do seu ciclo de vida em associacdo com seus
hospedeiros, de onde obtém os nutrientes necessarios para sua sobrevivéncia e reproducdo. Os
parasitos sdao um grupo extremamente diverso de organismos com representantes em
praticamente todos os ramos da arvore da vida (POULIN e MORAND, 2004). Uma das formais
mais comuns de categorizar esses organismos é dividindo-os em micro- e macroparasitos. Os
microparasitos como bactérias, fungos e protistas, sao caracterizados por um tamanho reduzido
(normalmente microscépicos), tempos geracionais marcadamente menores que o0 de seus
hospedeiros, capacidade de reprodugéo assexuada em seus hospedeiros e por normalmente
induzirem uma resposta imune forte (GOATER et al. 2014). Os macroparasitos sdo 0s
artropodes (&caros, carrapatos, pulgas, copépodos etc.) e os helmintos (trematddeos, cestodeos,
nematodeos, acantocéfalos etc.), ambos caracterizados por serem geralmente visiveis a olho nu,
apresentarem tempos geracionais préximos aos dos seus hospedeiros, gerarem uma resposta
imunoldgica de intensidade baixa a média e por sua patogenicidade associada ao nUmero de
individuos (GOATER et al. 2014). O parasitismo é considerado por alguns como sendo a
estratégia de consumo mais frequente na natureza (LAFFERTY et al. 2008), podendo afetar a
dindmica populacional dos hospedeiros, a estruturagdo das comunidades, a competicao
interespecifica e fluxo energético (ver HATCHER et al. 2006; HUDSON et al. 2006).

Apesar dos parasitos serem componentes fundamentais dos ecossistemas e poderem ter
efeitos positivos sobre outras espécies da comunidade local (ver HATCHER et al. 2006;
HUDSON et al. 2006; BUCK, 2019), ndo podemos negar que seus efeitos negativos sobre os
hospedeiros levantam preocupac@es relacionadas a conservacdo, sobretudo de grupos que ja
estdo sob frequente pressdo negativa. Por exemplo, dentre os vertebrados, os anfibios estdo
entre 0s animais mais susceptiveis a extincdo por seu pequeno tamanho corporal, baixa
capacidade de dispersdo e baixa tolerancia a perda de agua e a mudancgas na temperatura
(WELLS, 2007). Junto a isso, diversas especies de parasitos estdo sendo responsaveis pelo
declinio de populagdes de anfibios ao redor do planeta. O parasitismo pode envolver mudangas
comportamentais, fisioldgicas e morfologicas nos hospedeiros, algumas das quais tém efeitos
deletérios marcantes. Por exemplo, alteragbes fisiologicas causadas pelo fungo

Batracochytrium dendrobatidis sdo responsaveis pelo declinio e extingéo local de anfibios em



varias localidades (OLSON et al., 2013). Outro exemplo marcante é o trematddeo Ribeiroia
ondatrae, cuja infeccdo estd associada a uma serie de deformidades em anfibios, tais como
auséncia e ma-formacdo de membros (JOHNSON et al. 2002). Os anfibios expostos a esses
trematddeos durante a fase de girino apresentam uma alta taxa de mortalidade (JOHNSON et
al. 1999).

Os anfibios sdo hospedeiros para varias espécies de parasitos, mas a maior parte da
atencdo tem sido direcionada aos microparasitos como o B. dendrobatidis. No entanto, assim
como no caso da R. ondatrae, helmintos podem ter efeitos deletérios significativos sobre os
anfibios que precisam ser melhor explorados (KORPIVNIKAR et al. 2012). Embora algumas
espécies como as citadas sejam mais marcantes, a diversidade de parasitos € uma medida
discreta, porém importante da pressdo de parasitismo (BORDES e MORAND, 2009). Elucidar
0 que determina a diversidade de parasitos tem aplicacfes praticas para entender o que
determina o nimero de espécies que um hospedeiro tem e o que limita a distribui¢do geografica
de patdgenos como os supracitados. Durante muito tempo, os parasitos foram deixados de lado
nas investigacdes ecoldgicas, mas as Ultimas décadas viram o surgimento de um interesse
renovado pela aplicacdo da teoria ecoldgica para entender a diversidade de parasitos (POULIN
e MORAND, 2004). Entretanto, muitas questdes permanecem em aberto, especialmente
relacionadas ao que determina a diversidade de parasitos em amplas escalas espaciais e a

aplicabilidade da teoria desenvolvida para organismos de vida livre.
2.4. O estudo da diversidade de parasitos em amplas escalas espaciais

A maior parte da teoria ecoldgica foi construida com base em organismos de vida-livre.
No entanto, simbiontes como parasitas podem apresentar padrdes distintos em relacdo aos
preditores conhecidos, sobretudo pela associacdo intima com seus hospedeiros. Em comparacao
a macroecologia de organismos de vida-livre, ainda ha espaco para muito avango na
macroecologia de parasitos. Quanto a diversidade alfa, a maior parte dos estudos em ampla
escala esta focada em entender a resposta da riqueza de parasitos a latitude ou varidveis
relacionadas aos hospedeiros (POULIN, 2014; MORAND, 2015). Adicionalmente, os estudos
que ndo usam latitude tendem a utilizar abordagens que avaliam o efeito das variaveis de forma
isolada (e.g., GUERNIER et al., 2004). Contudo, sabemos que existem variaveis relacionadas
aos hospedeiros, tais como riqueza, as quais também variam em funcdo de gradientes
climaticos. Ignorar essa interacdo pode incorrer num entendimento equivocado do que

determina os padrdes de diversidade de parasitos. Adicionalmente, alguns estudos utilizam



métodos de ordenacdo para agrupar as variaveis climaticas (PREISSER, 2019). Tanto o uso
dessas técnicas como da latitude como preditor acabam por mascarar as relacfes de causa-efeito
entre o clima e os padrdes de diversidade observados (ver HAWKINS e DINIZ-FILHO, 2004).
Sendo assim, é importante que ao estudarmos como a riqueza global de parasitos varia, levemos
em consideracdo as variaveis climaticas em si, assim como as interacdes entre as variaveis,
adotando abordagens analiticas que nos permitam medir as interacdes entre os diferentes
preditores (e.g., BELMAKER e JETZ, 2015; RODRIGUES et al. 2017).

Em relagdo a diversidade beta de parasitos, a maior parte dos estudos em ampla escala
estudam os efeitos relativos da distancia geografica, composicdo de hospedeiros e gradientes
climaticos na taxa de substituicdo (turnover) das espécies (BERKHOUT et al., 2020;
ERICKSSON et al., 2020). Embora os parasitos passem grande parte do seu ciclo em
associacdo com os hospedeiros, a maioria dos macroparasitos (e.g., helmintos e artrépodes)
possui estagios larvais de vida-livre ou depositam ovos no ambiente (GOATER et al. 2014).
Nesses estagios, estdo sujeitos aos mesmos processos relacionados a influéncia do clima que 0s
organismos de vida-livre. Portanto, o clima pode ter uma influéncia direta sobre a composic¢ao
de parasitos selecionando as espécies que sdo capazes de suportar as condi¢des climaticas locais
(MAESTRI et al., 2017). Em relacdo aos hospedeiros, estes sdo tanto a fonte ultima de recursos
para 0s parasitos como a sua fonte de dispersdo. Portanto, a diversidade de parasitos acompanha
a de hospedeiros num paralelo com a relagdo consumidor-recurso para predadores e presas
(KAMIYA et al. 2014; JOHNSON et al., 2016). Quanto ao espago geografico, este é
normalmente utilizado como proxy da limitacdo de dispersdo (ERICKSSON et al., 2020). Os
estudos com diversidade beta de parasitos estdo normalmente enviesados para as regides mais
frias do planeta e para alguns grupos de hospedeiros como aves e mamiferos (KRASNOV et
al., 2012; MAESTRI et al., 2017; ERICKSSON et al., 2020). A fim de que a teoria
macroecoldgica para 0s parasitos seja 0 mais ampla possivel, € necessario que estudemos novos

grupos de hospedeiros e regides.
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Abstract

Aim: Climate and host richness are essential drivers of global gradients in parasite diversity,
and the few existing studies on parasites have mostly investigated their effects separately. The
advantages of combining these factors into a single analytical framework include unravelling
the relative roles of abiotic and biotic drivers of parasite diversity. We compiled a dataset of
helminths of amphibians to investigate the direct and indirect effects of temperature seasonality,
annual precipitation, precipitation seasonality and host richness as drivers of parasite diversity
at the global scale. Our analyses focus not only on the least studied group of vertebrates
regarding macroecology of parasite diversity, but also the host group most sensitive to climatic

conditions, especially temperature seasonality and water availability.
Location: Global

Time period: 1955-2017.

Major taxa studied: Helminth parasites of amphibians.

Methods: We used piecewise structural equation modelling on a global dataset of helminths of
amphibians, comprising 613 populations of 319 anuran species and 94 populations of 43

salamander species from ten zoogeographical realms.

Results: We found that precipitation seasonality and host richness both affect parasite diversity
positively, but the latter presented a stronger effect. Additionally, we found that both
temperature seasonality and total precipitation indirectly affected parasite richness through their

respective negative and positive effects on host richness.

Main Conclusions: Future studies on global gradients in parasite diversity should include both
direct and indirect effects of climatic factors as drivers of parasite diversity. Integrating multiple
predictors into a single statistical framework that measures both direct and indirect effects
increases our theoretical understanding of the relative importance and interactions among
different diversity drivers at the macroecological scale. The indirect effects of temperature
seasonality and total precipitation on parasite diversity are an interesting new insight brought
by our study, with implications for future studies dealing with host-parasite coextinctions due
to climate change.

Keywords: amphibians, climate, helminths, host diversity, temperature, parasite diversity,

piecewiseSEM, precipitation



Introduction

Understanding why biological diversity is distributed unevenly across Earth’s
ecosystems persists as an essential goal in macroecology and biogeography. Despite many
unresolved issues, one common ground is that no single factor can account for biodiversity
gradients; therefore, studies considering multiple explanations promote a greater understanding
of how different mechanisms determine species diversity at the macroecological scale
(Belmaker & Jetz, 2015; Rodrigues, Olalla-Tarraga, Iverson, Akre, & Diniz-Filho, 2017). For
broad geographical patterns, most studies rely on the effects that area, time, productivity, biotic
interactions, mean temperature and climate stability have on the balance between species
appearing and their exclusion over evolutionary time (reviewed in Fine, 2015). However, these
studies are biased toward certain taxonomic groups (e.g., birds and mammals) or geographical
areas (e.g., temperate zone) (Beck et al., 2012). Surprisingly, whether these major diversity
drivers also affect symbiont and particularly parasite diversity remains largely unexplored
(Stephens et al., 2016).

There is usually a strong correlation between species richness and climatic components
leading to various hypotheses of how climate affects species diversity (Currie et al., 2004; Field
et al., 2009). However, macroecological studies on parasite diversity are primarily focused on
host-related drivers and latitudinal gradients (Poulin, 2014; Morand, 2015; but see Guernier et
al., 2004; Preisser, 2019). Most studies found a positive association between host and parasite
diversity regardless of both host and parasite taxa (Kamiya, O’Dwyer, Nakagawa, & Poulin,
2014a). This relationship is considered analogous to the role of habitat heterogeneity for free-
living organisms where high diversity is generated by high turnover (Johnson et al., 2016), or
to the bottom-up control of diversity where species diversity at higher trophic levels is
constrained by diversity at the lower level (Krasnov, Shenbrot, Khokhlova, & Poulin, 2007). In
relation to latitudinal gradients, there is considerable heterogeneity in the relationship between
parasite diversity and latitude, with some studies supporting it and others not. When latitudinal
effects are detected, there seems to be a weak but positive association between latitude and

parasite richness at least for metazoan parasites (see meta-analysis by Kamiya et al., 2014a).

Temperature and precipitation belong to the core of some prominent climate-based
explanations, but how they affect parasite diversity remains largely unexplored (but see
Guernier et al., 2004; Preisser, 2019). For instance, according to the climate stability hypothesis,

the absence of marked climatic extremes has a positive effect on net speciation rates by



lowering extinction rates and promoting specialization (Fine, 2015; McKenna & Farrell, 2006).
However, evolutionary processes such as speciation require hundreds of thousands of years to
occur. Especially at short temporal scales (e.g., thousands of years), precipitation and
temperature are more likely to affect diversity by influencing species persistence due to
physiological constraints that limit species ranges (but see Aradjo et al. 2008). In this context,
ectotherms such as amphibians seem to be notably limited by tolerance to low temperatures and
extremes (Wells, 2007).

Even though the broad-scale drivers of diversity such as climate stability and water
availability are correlated with latitude, using the actual variables instead of latitude as a proxy
represents a superior approach for linking biodiversity patterns to mechanisms (Hawkins &
Diniz-Filho, 2004). Additionally, host-related drivers such as local richness may interact with
climatic factors as drivers of parasite diversity (Rohde, 1999). To disentangle the respective
roles and interactions of climate and host-related factors, it is desirable to have geographically
widespread groups of hosts and parasites and include both direct and indirect effects of climate
through an important host-related attribute that itself responds to climatic gradients. Host
richness is an adequate candidate for this host-related factor due to its consistent relationship
with parasite diversity (Kamiya, O’Dwyer, Nakagawa, & Poulin, 2014b) and responsiveness to

climate.

Identifying the drivers of diversity gradients has often been guided by human interest
over the future of biodiversity and the urge to establish its status (Gaston, 2000). Some estimates
suggest that parasitic organisms, notably parasitic worms (helminths) and arthropods, constitute
30 to 50% of the animal tree of life (see Poulin, 2014). Therefore, investigating what drives
parasite diversity represents a major step towards understanding what affects a substantial
portion of existing species. Additionally, parasite diversity is a potentially good measure of
parasite pressure on hosts, being related to key factors such as host diversification, energetic
demands and body condition (reviewed in Bordes & Morand, 2009).

Using the major broad-scale drivers of diversity and considering their interactions with
important host-related factors is a promising approach to explore what determines parasite
diversity at the macroecological scale. By using a novel global dataset on helminths of
amphibians, we used structural equation modelling to investigate the direct and indirect effects
of temperature seasonality, precipitation seasonality, total precipitation and host richness as
drivers of parasite alpha diversity. We highlight that, to our knowledge, no previous study on



global parasite diversity has used amphibians as models, therefore our study besides bringing a
new approach to the study of parasite diversity at broad spatial scales, explores an
unprecedented group of hosts. We chose our climatic variables based on key climatic conditions
required for both amphibian and helminth reproduction and survival (Goater, Goater, & Esch.,
2014; Wells, 2007).

Given that both climate and host richness are essential drivers of parasite diversity
through space and time, we might expect that global changes might affect parasites in two
different ways. Future projections forecast (i) an increase in climate instability (i.e., extreme
values of temperature, precipitation and drought: Fischer & Knutti, 2015) and (ii) an increase
in the loss of amphibians worldwide (Nowakowski, Frishkoff, Thompson, Smith, & Todd,
2018) which, consequently, could have a strong negative effect on parasite diversity (see e.g.,
Carlson et al., 2017). Additionally, although most studies on negative impacts of amphibian
parasites are focused on microparasites such as the chytrid fungus, helminths can cause
substantial damage to their host (see Koprivnikar et al., 2012 and references therein). Therefore,
our study could help predicting the conditions under which amphibians may face higher

helminth parasite pressure.

Regarding the direction of the effects, our predictions are: (i) annual precipitation has
a positive effect on host and parasite richness; (ii) temperature and precipitation seasonality
affect negatively both host and parasite richness; and (iii) host richness has a positive effect on
parasite richness. A great novelty in our approach is that it considers whether climate affects
parasite diversity indirectly by influencing host richness. We particularly emphasize the
importance of our predictor variables as major biological drivers of amphibian diversity due to
their ectothermic metabolism, permeable skin and reproductive mode tied to water availability

in most species.

Methods

Database

We compiled a comprehensive dataset on helminths parasitising amphibians by
conducting a systematic search of the literature published between 1970 and 2018 in the Google
Scholar (scholar.google.com) and Web of Science (isiknowledge.com) databases. To find
published references, we combined the keywords “Helminth* OR Parasite*” with scientific and

common names of different orders of amphibians: AND “Amphibia* OR Anura* OR Frog*



OR Toad* OR Caudata* OR Urodela* OR Salamander* OR Newt* OR Gymnophiona OR
Caecilian*”. To be included in our dataset, we considered the following inclusion criteria: (i)
focus on the whole helminth community, (ii) specify the sampling locality (ideally with
geographic coordinates), and (iii) provide the number of analysed hosts (minimum of five
hosts). We disregarded studies describing new helminth species or focusing only on particular
parasite groups. We also excluded surveys combining data from different localities separated
from each other by more than 100 km, and studies that did not report host sample size. We
removed hosts that were collected out of their native ranges to control for potential confounding
variables associated with this condition. A list of the data sources is given in Appendix 1 — Data
Sources. We updated host scientific names and taxonomic classification according to the
Amphibian Species of the World 6.0 online database (
https://amphibiansoftheworld.amnh.org/).

We restricted our analysis to helminths found in the lumen of the gut, lungs and urinary
bladder for the following reasons: (i) in contrast to other organs and structures, most studies in
our database surveyed the parasites in these organs; (ii) most parasites are identified down to
the species level, (iii) most parasites have amphibians as their final hosts, which strengthens the
associations between parasite diversity and factors related to amphibians. When not reported in
the original papers, the site of infection of each helminth species was obtained from the
literature. The full dataset is available at https://doi.org/10.5061/dryad.4mw6m907s.

Predictor variables

We obtained temperature seasonality (standard deviation *100), precipitation
seasonality (coefficient of variation), annual precipitation and host richness for each locality to
test their effects on parasite diversity, here defined as the number of parasite species per host
population. We chose these climatic variables based on our model organisms. As ectotherms,
amphibians are particularly sensitive to temperature fluctuations and have little control over
water loss. Additionally, most amphibians require standing water or moist habitats to reproduce
(Wells, 2007). Similarly, we expect helminths to be sensitive to these conditions during their
environmental stages (see Pietrock & Marcogliese, 2003). Therefore, these variables may be
explicitly linked to physiological tolerance for both groups of organisms. At first, we also
included mean annual temperature in the model, but it was strongly correlated to temperature
seasonality (r=-0.86, p < 0.05). Thus, we kept temperature seasonality in the final model

because it had a much stronger effect on amphibian richness in our model.



The climatic variables were acquired from WorldClim version 2 based on data from
1970 to 2000 (Fick & Hijmans, 2017). Host richness was generated for each locality by
combining primary geographical range data for different amphibian species. All amphibian
diversity maps were acquired from the Mapping the World’s Biodiversity initiative
(BiodiversityMapping.org) (see Jenkins et al., 2013; Pimm et al., 2014 for details). Local host
richness was then computed as the number of host species whose distributions overlapped the
sampled locality. All rasters containing the data were standardized for a spatial resolution of
ten minutes (~340 km?). We created grids of one squared degree per cell and calculated a mean
coordinate for all populations sharing the same grid for extracting the predictor and dependent

variables. Populations from the same species within the same grid were combined.
Data analysis

We fitted a Piecewise Structural Equation Model (piecewiseSEM; Lefcheck, 2016) to
test the direct and indirect effects of temperature seasonality, precipitation seasonality, annual
precipitation and host diversity as drivers of parasite diversity. One of the main advantages of
SEM models is that they allow evaluating networks of direct and indirect effects among
variables. Our Piecewise SEM model encompasses two underlying structured equations that
represent (i) the effects of temperature seasonality, precipitation seasonality and annual
precipitation on host richness, and (ii) the effects of the same climate variables and host richness
on parasite richness. Both were fitted using Linear Mixed Models (LMMSs). The main advantage
of mixed models is the possibility of including the hierarchical structure of the data as a random
factor. For both models, the random structure is represented by the zoogeographical realms that
were categorized following Holt et al. (2013). Additionally, we included the amphibian
taxonomic hierarchy (i.e., family, genus and species) as an additional random factor in the
model (ii) to account for the possible dependence of parasite richness on some species-level
host characteristics. Predictor climatic variables were standardised, and both host and parasite
diversity were log +1 transformed to fit the model assumptions. We ran the Moran's | test for
spatial autocorrelation in both models and found no spatial autocorrelation for model (ii). Given
that model (i) showed spatial autocorrelation, we included the spatial autocorrelation structure

directly in the mixed model. The final models were:

(1) Ime (log_host richness, temperature_seasonality + total precipitation +
precipitation_seasonality, random=~1|realm, corSpatial (form = ~longitude + latitude),
data=dat)



(i) Imer (log_helminth_richness~log_host_richness + temperature_ seasonality +
total_precipitation + precipitation_seasonality + (1|realm), offset = log(sampling_effort),
data=dat)

We found five helminth groups infecting amphibians: acanthocephalans, cestodes,
monogeneans, nematodes and trematodes. Due to limitations in the number of records for some
groups and the overall low parasite richness in amphibians (see Appendix S2), we did not run
separate models for each parasite group. Regarding hosts, we ran separate piecewise SEM
models for anurans (frogs and toads) and salamanders, as these represented a major
phylogenetic split in our dataset and may respond differently to our climatic variables. We
checked for multicollinearity by calculating the variance inflation factor (VIF) for each
predictor variable (Quinn & Keough, 2002). There was no indication of multicollinearity in any
of our models (all VIF values < 3). The models were fitted by using the “lme4” (Bates, Méchler,
Bolker, & Walker, 2015), “nlme” (Pinheiro, Bates, Debroy, & Sarkar, 2020) and
“piecewiseSEM” (Lefcheck, 2016) packages in the environment R (R Core Team, 2020).

Results

We obtained 424 references, among which 241 were used to compile our data base after
considering the inclusion criteria (see Appendix 1 — Data Sources) The final dataset (available
at: https://doi.org/10.5061/dryad.4mw6m907s) comprises the richness of endohelminths
(trematodes, cestodes, nematodes and acanthocephalans) parasitising 613 populations (495
after combining populations sharing the same grid) of 319 anuran species, and 94 populations
(77 after combining populations sharing the same grid) of 43 salamander species collected from
1955 to 2017; no helminth community survey was available for any caecilian species. We
collected data from 29 families of anurans and five families of salamanders. For anurans, most
investigated species belong to the Ranidae, Hylidae and Bufonidae families (see Appendix S3),
while for salamanders most species belong to the Plethodontidae, Salamandridae and
Ambystomatidae families (see Appendix S4).

We obtained data from ten zoogeographical realms for anurans and five
zoogeographical realms for salamanders (Figure 1). All predictor variables displayed a wider
range of values for anurans than for salamanders (Table 1). Mean parasite richness was 3.9
(range: 1 to 21) helminth species for frogs and 3.1 (range: 1 to 10) for salamanders. For both
amphibian orders, nematodes were the most common parasites followed, in that order, by

trematodes and cestodes (see Appendix S2).



Overall, the model for anuran helminths explained 46% of parasite diversity (R2 cond =
0.46), among which 10% is attributed to precipitation seasonality and host diversity alone (R?
marg = 0.10). Temperature seasonality and total precipitation explained 43% of anuran diversity
(R? marg = 0.43). The model for salamanders did not uncover any effect of climate or host

diversity on parasite diversity; therefore, below we focus on the results of the anuran models.

Regarding direct effects, anuran diversity (standardized B = 0.406, p < 0.05) and
precipitation seasonality (standardized f = 0.266, p < 0.05) had a positive effect on helminth
richness (Figure 2). Temperature seasonality (standardized p = -0.589, p < 0.05) and total
precipitation (standardized B = 0.279, p < 0.05) had a negative effect on host richness, which
resulted in a respective negative and positive indirect effect on parasite diversity mediated by

host diversity (see Figure 2).

Discussion

Based on a comprehensive novel dataset of helminths parasitizing amphibians, we
showed that both climate and host diversity affect parasite diversity at the global scale in a
complex manner that include direct and indirect relationships. Host diversity is one of the main
drivers of parasite diversity, and the responsiveness of amphibian richness to temperature
seasonality and annual precipitation reveals that these climatic factors affect amphibian
helminth diversity indirectly. Additionally, we found that precipitation seasonality affected
parasite richness positively and independently of host diversity, which is probably explained
by the reproductive synchrony of different amphibian species imposed by seasonal
environments. The negative indirect effect of temperature seasonality on parasite richness has
important implications for biodiversity conservation, given that increasing temperature
seasonality due to climate change may cause cascading extinctions of amphibians and their
parasites. Additionally, our results indicate that amphibian populations inhabiting more
seasonal areas face more parasite pressure, given the positive association between precipitation
seasonality and helminth richness. Our study also highlights the importance of analytical and
theoretical frameworks that encompass multiple predictors and paths in the same model.
Besides allowing simultaneous consideration of multiple explanations, it is possible to evaluate

direct and indirect effects of distinct predictors.

The positive effect of host diversity on parasite diversity is in accordance with most
previous findings (see meta-analysis by Kamiya et al., 2014b). In fact, host diversity is a strong
predictor of parasite diversity regardless of taxa or spatial scale (Kamiya et al., 2014b; but see



Johnson et al., 2016 for discussion on scale). Johnson et al. (2016) found that this positive
association between host and parasite richness is mainly explained by an increase in parasite
beta diversity, resembling the influence of habitat heterogeneity for free-living organisms.
Additionally, the spatial co-occurrence of multiple host species (high local host diversity) that
are phylogenetically related can promote host-switching by parasites (Pedersen & Davies,
2009; Poulin, 2010). Thus, each host species may begin with its own unique set of parasite
species but then exchanges occur among them, thereby increasing the average parasite richness
among host species in that locality.

In addition, climate is a strong correlate of species diversity for free-living organisms,
especially at large grains and extents (Field et al., 2009). Previous studies on parasites have also
emphasized the prominence of climate as an important global predictor of parasite diversity
(Dunn, Davies, Harris, & Gavin, 2010; Guernier et al., 2004; Preisser, 2019). Some proposed
explanations for how climate affects species diversity are related for instance to climatic effects
on the speed of evolutionary processes, the amount of available energy and to species tolerances
(see Currie et al., 2004). Especially at short temporal scales such as our study (1955-2018), the
climatic effects we have found are more likely to be associated with the actual species tolerance
to contemporary climatic conditions, although we should not underestimate the importance of
historical factors (see Mittelbach et al., 2007; Araujo et al., 2015).

The model for anurans revealed a positive effect of precipitation seasonality on helminth
richness (Figure 2). We interpret this positive outcome based on the particularities of anuran
reproduction. Interspecific parasite transmission requires different host species to have direct
or indirect contact, giving parasites the opportunity to infect new host species, therefore
increasing intraspecific parasite richness (Poulin & Morand, 2004). Most amphibians rely on
standing water or wet environments to reproduce and can stay inactive when wet conditions are
not available. Especially in arid environments, most amphibian species rely on standing water
to reproduce (Wells, 2007). For such sites, a high precipitation seasonality may indicate that
environmental requirements for anuran reproduction is available only during a short period of
the year, and local species may share the same reproductive sites at the same time, increasing

the possibility for host-switching.

The importance of temperature and water-related variables as determinants of
amphibian diversity is in accordance with other findings (Qian, Wang, Wang, & Li, 2007;
Rodriguez, Belmontes, & Hawkins, 2005). The strong negative effect of temperature



seasonality on anuran richness (Figure 2) is expected and may indicate that mechanisms related
to physiological tolerance to temperature variation are in play. Species inhabiting high seasonal
regions are liable to face extreme climatic fluctuations along the year. This is hypothesized to
affect probabilities of extinction, especially for organisms with low dispersal abilities (see Fine,
2015 and references therein). When extended to the past geological history of the planet, this
reasoning is at the core of why tropical environments preserve more lineages and hold a high
species diversity (see McKenna & Farrell, 2006). Most amphibians rely on standing water to
reproduce and have little or no control over water loss (Wells, 2007). These characteristics of
amphibian biology may explain their sensitivity to water availability and the positive effect of

annual precipitation on amphibian richness.

Helminths did not respond directly to temperature seasonality and annual precipitation,
but these variables indirectly affected helminth diversity mediated by host richness (Figure 2).
This result has important implications for biodiversity conservation. Parasite diversity declines
with biodiversity loss and hosts differ in their extinction susceptibility (Lafferty, 2012). Among
vertebrates, amphibians are the most vulnerable group of hosts. This is due to the specific water
requirements for reproduction and survival along with low tolerance to temperature extremes
(see Wells, 2007). Along with their low dispersal abilities, these aspects of amphibian biology
make them especially susceptible to changes in the temperature and water regimes as a result
of climate change (Foden et al., 2013). In fact, some amphibians face local extinction due to
severe droughts due to recruitment failure (e.g., Scheele et al., 2012). Therefore, certain
parasites of amphibians are likely to go extinct as their definitive hosts’ diversity decreases.
This coextinction and loss of interacting and dependent species is a special concern of biological
conservation (see Colwell et al., 2012).

The model for salamanders did not detect any effect of climate or host richness on
parasite richness. We can think of two possible reasons for this absence of effect. First, this
could be explained by the smaller variation in both parasite and host richness among localities,
as well as by the much smaller geographical extent of salamander data when compared to that
of anurans (Figure 1; Table 1). Additionally, maybe the general taxonomic composition of their

helminth fauna is different, and therefore may be driven by other factors.

In a broad dataset as the one we used, there are some shortcomings we need to consider
while interpreting the results. First, there is a noticeable temporal spread in the years in which
the hosts were collected (1955 — 2017). In a recent paper, Tessarolo et al. (2017) discussed the



temporal degradation of biodiversity data, which is inevitable due to the dynamic essence of
natural systems. Old records therefore may present a “picture” of a state that no longer exists.
For instance, some sampling sites may have gone through dramatic changes in land use. Second,
it was not possible to control for potential confounding variables such as host sex and age given
that most authors did not mention these in the original papers. Third, the means for the climatic
variables are based on a narrower temporal scale than the dataset (1970 — 2000 for climatic
variables against 1955 - 2017; Fick & Hijmans, 2017). However, none of these factors are likely
to generate the significant effects we uncovered; they would be more likely to generate noise

rather than bias the results in one particular direction.

Conclusion

We found that integrating climate factors and host diversity brings new insights on how
different mechanisms jointly influence parasite diversity at the global scale. Recent surveys
have highlighted the advantages of bringing ecological theory into parasite studies (Johnson et
al., 2016; Stephens et al., 2016), along with a growing interest in identifying drivers of parasite
diversity at multiple scales (Morand, 2015; Poulin, 2014). Here, we showed that both
precipitation and temperature are in play for determining parasite richness through direct and
indirect effects mediated by host diversity. When studying parasite diversity, future studies
should consider indirect effects associated with how hosts respond to environmental variables
and the indirect impact this can have on parasite diversity. Additionally, for broad-scale studies
on parasites, we argue that studies should focus on the climatic gradient and host factors instead
of latitude as a proxy (Hawkins & Diniz-Filho, 2004), especially when dealing with complex
patterns such as interactions among species (see Romero et al., 2018), while also considering
the direct and indirect relationship among distinct predictor variables. This understanding,
which is relevant for dealing with future coextinctions due to climate change, would have been

lost if we had ignored the interactions between climate and host diversity.
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Data Availability

The complete raw dataset is available at: https://doi.org/10.5061/dryad.4mw6m907s. A
complete list of data sources for parasite richness can be found in the Appendix 1 — Data
Sources. Amphibian diversity was acquired from Jenkins, Pimm and Joppa (2013) and Pimm
et al. (2014) (available at https://biodiversitymapping.org/wordpress/index.php/amphibians/).
Climatic data was downloaded from Fick and Hijmas (2017)

(http://www.worldclim.org/version2).



Artigo 1: Tabela e Figuras

Table 1. Ranges of the raw climatic predictor variables and host richness associated with each

host group.
Temperature Annual Precipitation Host
Host Group Seasonality Precipitation Seasonality (Coefficient Richness
(SD*100) (mm) of Variation)
Anurans 18.73 — 1,409.49 74 — 5,463 9.78 —162.6 1-120
Salamander | g4 99100820 | 480 2,674 11-94.72 1-25
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Figure 1. Spatial spread and zoogeographical realms of localities in which the anurans (1a) and
salamanders (1b) were collected in the original studies that compose our final database.
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Figure 2. Piecewise structural equation model exploring the relationships among temperature
seasonality, precipitation seasonality, total precipitation, host diversity and parasite diversity.
Arrows show unidirectional relationships among variables. Black arrows designate positive
effects, and red arrows negative relationships. Grey arrows denote non-significant paths (p >
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significant paths.
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Supporting Information Appendix S2. Number of records, mean richness, and ranges for
different parasite subsets per host group.

Parasite subset | Number of Records | Mean richness (Min-Max)

Anurans
All helminths 2,052 3.92 (1-21)
Nematoda 1,414 2.81 (1-14)
Trematoda 421 1.85 (1-7)
Cestoda 131 1.07 (1-2)
Acanthocephala | 54 1.04 (1-2)
Monogenea 32 1.07 (1-2)
Salamanders

All helminths 251 3.06 (1-10)
Nematoda 163 2.23 (1-7)
Trematoda 52 1.33(1-3)
Cestoda 28 1.12 (1-2)
Acanthocephala | 4 1
Monogenea 3 1
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Abstract

A robust understanding of what drives parasite beta diversity is an essential step towards
explaining what limits pathogens' geographical spread. We used a novel global dataset (latitude
-39.8 t0 61.05 and longitude - 117.84 to 151.49) on helminths of anurans to investigate how the
relative roles of climate, host composition and spatial distance to parasite beta diversity vary
with spatial scale (global, Nearctic and Neotropical), parasite group (nematodes and
trematodes) and host taxonomic subset (family). We found that spatial distance is the most
important driver of parasite beta diversity at the global scale. Additionally, we showed that the
relative effects of climate concerning distance increase at the regional scale when compared to
the global scale and that trematodes are generally more responsive to climate than nematodes.
Unlike previous studies done at the regional scale, we did not find an effect of host composition
on parasite beta diversity. Our study presents a new contribution to parasite macroecological
theory, evidencing spatial and taxonomic contingencies of parasite beta-diversity patterns,

which are related to the zoogeographical realm and host taxonomic subset, respectively.

Keywords: beta diversity, parasite macroecology, temperature, precipitation, climate, spatial

distance



Introduction

Understanding how biotic and abiotic processes drive the spatial variation of
biodiversity is still an important goal of biogeography and macroecology. For years,
biodiversity studies were primarily focused on what drives the number of species found at the
local scale, or alpha diversity [1]. However, during the last decades there has been a renewed
interest in the variation in species composition among sites, or beta diversity [2]. Beta diversity
acts as a link between local (alpha) and regional (gamma) diversities [2—4], making its study
crucial to determine what drives diversity at broad scales. In beta diversity studies, species
turnover refers to the replacement of species among sites due to environmental, geographical,

and historical differences [5,6].

The usual approach for studying species turnover includes measuring the rate at which
species composition changes across space [7,8]. In general, compositional similarity among
sites tends to decrease (or dissimilarity tends to increase) with spatial distance. The proposed
explanations for such distance-decay relationships include deterministic responses of species to
biotic and abiotic conditions (i.e., niche-based processes) and spatial processes that influence
the ability of organisms to find suitable environments, such as dispersal ability and its
interaction with habitat configuration and history [8,9]. In the study of parasite turnover, niche-
based processes are inferred from the effects of host-related and environmental variables, while
geographical distance is generally used as a proxy for spatial processes such as dispersal

limitation.

Current evidence suggests that parasite turnover at broad scales is mostly affected by
host diversity and climate, with a minor effect of spatial distance [10-14]. Since many parasites
release larvae and eggs into the environment, climate has an impact on parasite survival,
emergence, and infectivity during these stages [15,16]. Furthermore, hosts are the ultimate
resources for parasites, so parasite diversity often tracks host diversity in a parallel with the
consumer-resource relationship for free-living organisms [17]. As a result, the available studies
indicate that at large scales, parasite geographical distribution is primarily constrained by niche-

based processes mediated by environmental variation and host composition.

Despite some exceptions [18], most large-scale studies on parasite beta diversity are
either focused on ectoparasites, mammals, or cold regions (particularly the Palearctic), most
likely due to data availability. However, the observed patterns and identified drivers of parasite
diversity are likely to change in response to all those factors. [10], for example, found that host



composition explained a greater proportion of beta diversity in parasites infecting fish than
parasites infecting mammals and birds, and proposed that differences in dispersal capacity
between hosts could explain this variation. Similarly, even when collected from the same host
group, different parasite groups may respond differently or to varying degrees to the same
variables [10]. Probably because parasite groups with different life cycles may respond to

environmental variables in different ways.

Additionally, our understanding of how these drivers vary among zoogeographic realms
and spatial scales remains limited. First, each realm represents a distinct combination of past
historical events and species pool [19], which may result in region-specific species-
environment relationships [20]. For instance, the range of temperature is exceptionally high in
northern zoogeographical realms. Thus, because most species have a low tolerance to this
condition, temperature (especially extremes) tend to be the critical at limiting species'
geographical spread in cold regions [21]. Based on the evidence that region- or system-specific
relationships may affect the general findings, our ability to make broad statements about what
governs parasite beta diversity at broad spatial scales is limited. As a result, assessing novel
groups of hosts and parasites, as well as distinct realms, is critical for advancing parasite

macroecological theory.

Regarding spatial scale, we know of no study investigating how parasite beta diversity
drivers vary with spatial scale. However, the current synthesis in community ecology
recognizes that biodiversity patterns result from a combination of niche and neutral processes
whose relative importance varies with scale [22,23]. The importance of niche-based processes
is evidenced by the observed associations between species composition and environmental
conditions such as climate, even after controlling for spatial distance [21,24,25]. In contrast,
the neutral theory [26] predicts that dispersal limitation increases with spatial distance, resulting
in an increase in species dissimilarity regardless of environmental differences [23,27,28]. For
some organisms, niche-based processes are stronger at smaller spatial scales, while dispersal
tends to be limiting at larger scales. For example, [29] observed that at the biogeographical
scale, geographical distance explained the most variation in arthropod composition, whereas
microhabitat variation was more important at the metacommunity scale, but see [30]. This
framework has currently advanced to a more predictive theory where both spatial and

taxonomic scales represent useful information to explain broad-scale biodiversity patterns.



Based on a novel global (latitude ranging from -39.8 to 61.05 and longitude ranging
from - 117.84 to 151.49) dataset on helminths of anurans, we investigate how including
different taxonomic and spatial scales improves our understanding of the relative importance
of climate, host composition and spatial distance as drivers of helminth beta diversity in anuran
hosts. Our main question addresses how the relative roles of these factors as drivers of helminth
turnover vary in relation to (i) spatial scale (global and regional), (ii) realm (Nearctic and
Neotropical), and (iii) parasite group (nematodes and trematodes). We predict that (i) niche-
based processes (here represented by a combination of climate and hot composition) will be
more critical than dispersal limitation (here represented by spatial distance) at the realm scale
(Nearctic and Neotropical), (ii) climatic extremes will be more important in the Nearctic than
in the Neotropical realm, and (iii) trematodes will be more responsive to climate than nematodes
because they are more sensitive and mostly rely on free-living aquatic infective stages, and (iv)
host composition will be a strong determinant of parasite beta-diversity at all scales.
Additionally, we investigated how selecting different host taxonomic subset (all anurans,

Bufonidae, Hylidae and Ranidae) affect the general trends.

Methods

Host-parasite dataset

We updated a global dataset on helminths parasitising anurans used for a previous study
[31] through a systematic review of the literature published between 1970 and 2020 in the
Google Scholar (scholar.google.com) and Web of Science (isiknowledge.com) databases. As
for the first study, we combined the keywords “Helminth* OR Parasite*” and keywords
associated with different anuran groups: “Amphibia* OR Anura* OR Frog* OR Toad*. To be
included in the final dataset, studies had to be surveys of parasites within a given amphibian
population or community, and they had to: (i) provide a list of parasite taxa found in the hosts
sampled, (ii) specify the number of analysed hosts, and (iii) specify the sampling location. We
removed surveys describing new parasite species or focused on only a subset of the helminth
community. We also excluded studies that combined parasite data from localities separated by
more than 100 km. We opted to keep only hosts collected within their native ranges to avoid

possible confounding factors connected with introduction to new areas.

We limited our analysis to nematodes and trematodes detected in the lumen of the
gastrointestinal tract based on the following reasoning: (i) all compiled studies analysed the gut
for parasites, (ii) it avoids generating artificial differences in parasite species composition based



on surveys of different infection sites, and (iii) most gut helminths are identified down to the
species level. When not reported in the original papers, the infection site of each helminth
species was obtained from the literature. Hosts and parasites had their scientific names updated
following, respectively, the Amphibian Species of the World 6.0 [32] and the GBIF Backbone
Taxonomy [33] datasets. For studies without coordinates, we used Google Maps
(maps.google.com) to obtain approximate latitudes and longitudes of the sampling localities

provided by the authors.
Spatial units and predictor variables

We used hierarchical clustering to group sampling sites that were distant from each
other by less than 100 km. Clusters were created using the agglomeration method Unweighted
Pair Group Method with Arithmetic Mean (UPGMA). We opted for this method instead of
grouping by random grids to avoid arbitrarily splitting nearby localities that likely belong to the
same community. We used these clusters as grouping variables and obtained the coordinates of
the centroid of each cluster of localities. Then, we used those coordinates to obtain the climatic
variables for each cluster. To test parasite responses to climate, we first chose variables that
measured temperature and precipitation extremes. These were the maximum temperature of the
warmest month, the minimum temperature of the coldest month, the precipitation of the wettest
month, and the precipitation of the driest month. Furthermore, we used variables measuring
temperature and precipitation variability that were uncorrelated with the first four. These were
mean diurnal range (mean of monthly (max temp - min temp)) and precipitation seasonality
(coefficient of variation). Global rasters for these variables were obtained from WorldClim
version 2 [34] with a spatial resolution of 10 minutes (~340 km?). All climatic variables were

standardised and checked for collinearity.

To assess the effect of host assemblage on parasite beta diversity, we used a dissimilarity
matrix of host composition. To get host composition per site, we first downloaded the
amphibian distribution polygons provided by the International Union for Conservation of
Nature [35]. We considered that an anuran species occurred in a given locality when its
respective polygon overlapped that site’s coordinates. We ended up with a list of anuran species
for each locality after the removal of duplicate entries having the clusters as grouping variables.
We then generated host dissimilarity matrices using the Jaccard index. Throughout this paper,

spatial distance (in km) is used as a proxy for dispersal limitation [14].

Dealing with uneven sampling effort



For parasite studies, sampling sites can have at least three critical dimensions of
sampling effort: the number of analyzed host individuals, the number of analyzed host species,
and which host species were analyzed. If not appropriately treated, differences in these
dimensions can produce undesirable artefacts that could lead to incorrect conclusions regarding
diversity drivers. As a way of dealing with this issue, we took the following approach. First,
given that recorded parasite richness of a host population increases with the number of analyzed
hosts, we only included host populations that had at least five surveyed individuals. Second,
during the model fitting process, we gave a proportionally higher weight to locations with a
higher number of individual hosts sampled. We set the “weightType” to “custom” in the
“formatsitepair” function, which is the function that generates the site-pair table required for

fitting a Generalized Dissimilarity Model within the “gdm” package [36].

Finally, we recognize that pairwise dissimilarity in parasite diversity can be high when
disparate groups of hosts are analyzed. Given that host-parasite relationships tend toward
specificity, such comparison would cause an apparent turnover in parasite species induced by
sampling phylogenetically disparate host species rather than other biological processes. To see
if comparing different host species affected dissimilarity in the overall dataset, we ran separate
nematode analyses for the Bufonidae, Ranidae, and Hylidae families in the Nearctic realm. We

chose those families because each appears in at least 15 data points in our dataset.
Data analysis

To investigate the effects of climate, host compositional dissimilarity and geographic
distance on nematode and trematode turnover, we adopted the generalized dissimilarity
modelling (GDM) approach. GDM was originally formulated as a non-linear extension of the
matrix regression procedure that accommodates two types of nonlinearity that are common in
ecological datasets: (i) the curvilinear relationship between environmental distance and
compositional dissimilarity, and (ii) the non-stationarity in rates of species turnover along
environmental gradients [37]. The nonlinearity is accommodated in GDM models by a flexible
function that measures the turnover along a gradient based on splitting the response in I-splines,
which function as partial regressions [37]. The maximum height of each plotted I-spline
represents the total amount of turnover in relation to a given gradient, while all other predictors
are kept constant, resulting in partial regression fits that demonstrate the importance of each
predictor's effect on species turnover [11,37]. Higher coefficients express higher rates of
compositional change along a given gradient [11,37].



We ran separate GDM to different spatial subsets of our dataset to investigate whether
the relative roles of our predictors vary from the regional to the global scale and among distinct
parasite groups. We restricted the regional analysis to the Nearctic and Neotropical realms,
given that they were the best-sampled realms. This restriction to the best-sampled regions is an
attempt to mitigate the effects of high variability due to uneven sampling and geographical
coverage, which is especially severe in regions with fewer data points. To investigate whether
the relative roles of our predictors also vary with the parasite group, we ran different GDMs at
each scale with varying subsets of the parasite data. We ended up with nine GDMs: global
(nematodes and trematodes), Nearctic (nematodes and trematodes), and Neotropical
(nematodes and trematodes) [plus the separate analyses on Bufonidae, Hylidae and Ranidae].
We also ran the main analyses after removing parasites that only occurred in one cluster (i.e.,
singletons) to check whether our results were disproportionately influenced by rare species (see

Table S1 in Supplementary Material).

The response matrix for all GDMs was a dissimilarity matrix of helminths per cluster
based on the Raup-Crick index, whereas the predictors were the spatial distance between
clusters, and pairwise dissimilarity matrices of host composition and climate. Variable and
model significance, as well as variable importance, were calculated by the matrix permutation
method using the “gdm.Varlmp” function [36]. The importance of each variable is calculated
by contrasting the percent change in deviation explained by the full model to the percent change
in deviation explained by a model fit with that variable permuted [36]. Non-significant variables
were removed, and GDM models calculated. We ran the GDM models using the “gdm” package
[36] in the R environment [38]. The default of three I-splines was used to calculate the models
[11,14].

We performed a k-fold cross-validation procedure for each model to evaluate the
performance of our models in predicting parasite turnover. This method randomly divides the
observations into k sets (or folds) of roughly equal size [39]. The first fold is used as a validation
set, and the method is then applied to the remaining k-1 sets [39]. Following that, the mean
squared error on the observations in the held-out fold is calculated [39]. This method is repeated
k times, with each validation set containing a unique set of observations and estimates of error,
which are then averaged to evaluate model performance [39]. We performed the cross-
validation with the "sgdm" package's n-fold cross-validation procedure using the default of ten
folds [40].



Results

The full dataset contains 162 clusters with 134 species of nematodes and 96 clusters
with 69 species of trematodes, covering 330 host populations of 205 anuran species from 26
families occurring in sites spread in all continents (Figure 1). Throughout this paper, the
strength of effect of a variable relates to the sum of its corresponding fitted I-spline coefficients
(partial regressions), which measures the rate of parasite turnover in response to our predictors.
We show the sum of the coefficients in Table 1, while the fitted curves for each model are
presented in the Supplementary Material (Figures S1-S9). Sample sizes and number of host and
parasite species for all data subsets are found in Table S2 in the supplementary material. Mean
and ranges for climactic predictors are shown in Table S3. The results of the cross-validation
procedure indicate a good overall model performance, with root mean square errors (RMSE)
mostly below 0.32 (Table 1). Across all spatial data subsets (global, Nearctic, and Neotropical),
pairwise parasite dissimilarity was exceptionally high (see Figure S10 in the Supplementary
Material). Similar patterns are found in the separate subsets of Bufonidae, Hylidae and Ranidae

(see Figure S11 in the Supplementary Material).

At the global scale, spatial distance followed by the minimum temperature of the coldest
month and host composition explained approximately 32% of nematode turnover (Table 1). In
comparison, the first two variables explained around 38% of trematode turnover (Table 1). In
the Nearctic models, the minimum temperature of the coldest month followed by mean diurnal
temperature range and spatial distance explained around 15% of nematode turnover and around
26% of trematode turnover, although the effect of spatial distance was negligible for the latter
(Table 1). In the Neotropical realm, spatial distance and mean diurnal temperature range
explained around 12% of nematode turnover (Table 1). For neotropical trematodes, spatial
distance and precipitation of the wettest month explained around 23% of parasite turnover,

although the latter variable’s effect was only marginally significant (p=0.06) (Table 1).

In the Nearctic, the fitted I-splines curves showing the turnover rate along the minimum
temperature of the coldest month’s gradient indicates a clear threshold point where the turnover
rate is higher for both parasite groups. Nearctic trematode turnover barely responded to the
gradient until approximately minus eleven degrees (Figures S3). Similarly, the turnover rate for
Nearctic nematodes is higher for values above roughly zero degrees (Figure S4). In contrast to

the results in the Nearctic, the primary turnover thresholds for Neotropical parasites are mainly



related to spatial distance, though trematode turnover appears to accelerate at higher

precipitation of wettest month values (Figures S4 and S5).

Q) How do the drivers of parasite turnover vary with spatial scale?

We found evidence confirming our hypothesis that the importance of spatial distance (a
proxy for dispersal limitation) on parasite beta diversity decreases from global to regional
(realm) scales. While spatial distance was critical at the global scale, its relative importance and
strength in relation to climate diminishes at the regional level, especially in the Nearctic models
(Table 1, Figure 2). For example, at the global scale, spatial distance was around 8.6 times a
stronger predictor of nematode turnover than the minimum temperature of the warmest month.
In contrast, this climatic variable was approximately 3.7 times a stronger predictor of Nearctic

nematode turnover than spatial distance (Table 1).

(i)  How do the drivers of parasite turnover vary between realms?

We discovered that the key climatic variables, as well as their relative importance and
strength, differ between zoogeographical realms (Table 1, Figure 2). More specifically, mean
diurnal temperature range and minimum temperature of the coldest month were critical for
Nearctic nematodes while only mean temperature diurnal range affected Neotropical nematodes
(Table 1, Figure 2). Likewise, Nearctic trematodes responded to minimum temperature of the
coldest month while tropical trematodes responded marginally (p = 0.06) to precipitation of the
wettest month (Table 1, Figure 2). Therefore, we confirmed our hypothesis that temperature

extremes are more important in the Nearctic than in the Neotropics.

(iii) How do the drivers of parasite turnover vary in relation to helminth group?

We found evidence that climatic differences are more critical for trematodes than for
nematodes at the global and Nearctic scales. Notably, this is evidenced both in terms of strength
of effect (Table 1) and variable importance (Figure 2). At the global scale, the effect of spatial
distance on the nematode model was approximately 8.6 times stronger than the effect of
minimum temperature, whereas the effect of spatial distance on trematodes was only
approximately 1.8 times stronger than the effect of the same climatic variable (Table 1). Similar
results were found in the Nearctic realm, where minimum temperature was around 3.7 times
stronger than spatial distance for nematodes, while spatial distance was negligible for Nearctic
trematodes (Table 1). At the Neotropical scale, we found a different result in terms of strength

of effect. Proportionally, spatial distance was slightly stronger for neotropical trematodes than



neotropical nematodes (Table 1). Variable importance, on the other hand, exhibits the same

general pattern as the other models (Figure 2).

Furthermore, we discovered evidence that the two groups respond to different climatic
variables or to varying degrees when the variables are the same (Table 1, Figure 2). For instance,
in the Nearctic, nematodes responded to spatial distance, minimum temperature of the coldest
month and mean temperature diurnal range, whereas trematodes did not respond to the latter
variable (Table 1, Figure 2). These differences are even more pronounced in the Neotropics,
where nematodes responded to mean diurnal temperature range while trematodes responded

(marginally, p = 0.06) to maximum precipitation of the wettest month (Table 1, Figure 2).

(iv)  Did host composition affect parasite beta diversity?
Surprisingly, we only detected an effect of host composition on parasite turnover in the
global nematode model (Table 1). However, such effect was both weaker and less important
than climate and spatial distance (Table 1, Figure 2).

(V) Does selecting different host subsets affect general trends in parasite turnover?

We found different trends when we compared Ranidae, Bufonidae, and Hylidae hosts
in the Nearctic bioregion (Table 1, Figure 3). Spatial distance was the only important predictor
of nematode turnover in Bufonids, whereas spatial distance and precipitation of the wettest
month influenced nematode turnover in Hylidae (Table 1, Figure 3). Nematode turnover in
Ranidae was only influenced by mean diurnal temperature range (Table 1, Figure 3). These
results were also different from the Nearctic nematode model when all hosts are considered
(Table 1, Figure 2).

Discussion

Although most macroecological studies have investigated processes affecting the global
distribution of free-living organisms on earth, to our knowledge, the processes underlying
parasite beta diversity have never been investigated at the global scale. We studied for the first
time how spatial scale can be used to tease apart the drivers of parasite beta-diversity from
regional (zoogeographical realm) to global extents. Overall, spatial distance is a major driver
of helminth turnover in anuran hosts. Additionally, we found five primary patterns: (i) For both
parasite groups, the effects of climate on parasite beta diversity increase from the global to the
regional scale. (ii) There is a spatially dependent effect of climate on beta diversity linked to

the realms. Specifically, minimal temperature of the coldest month is dominant in the Nearctic,



while neotropical nematodes and trematodes responded to mean diurnal temperature range and
precipitation of the wettest month, respectively. (iii) Nematodes and trematodes show distinct
trends in their response to climate and spatial distance. More specifically, trematodes are
generally more sensitive to climatic conditions while nematodes are more spatially structured.
Additionally, the most important variables differed between parasite groups, especially in the
neotropics. (iv) Overall, host turnover was not an important predictor of parasite turnover. (v)
We found that drivers of parasite beta diversity vary with host taxonomic subset, even when
analysing lower hierarchies such as host families.

The few existing broad-scale studies investigating the effects of climate, spatial distance
and host composition on parasite beta diversity reveal some general trends in parasite beta
diversity at the macroecological scale. For instance, [14] studied bat flies across the Neotropical
realm (from Mexico to Brazil) and found that host composition and temperature seasonality are
the main drivers of parasite beta diversity. Similarly, in another study at the regional scale
(about 2,500 km in Mongolia), [11] demonstrated air temperature and host beta diversity as the
best predictors of rodent flea turnover. The other existing studies such as [10,12,13] show high
heterogeneity in investigated hosts, parasites, realms and scale (grain and extent). However,
these studies point parasite beta diversity to be mainly affected by either host composition,
climate, or a combination of both, with a negligible effect of spatial distance. Conversely, we
found a major role of spatial distance as a driver of anuran parasite turnover at both the global
and Neotropical scales. Although it should be interpreted with caution, the prominence of
spatial distance in these models indicates that dispersal-based processes may be a major

determinant of anuran helminth beta diversity.

Parasites rely on hosts to disperse, and there is evidence that spatial connectivity among
host assemblages is an essential driver of parasite similarity [18]. As a result, spatial distance
can be even more influential in host-parasite systems where both parasites and hosts are
dispersal limited. Indeed, due to the nature of the helminth life cycle, these parasites rely on
hosts for dispersing, and amphibians are recognized for their poor dispersal abilities. For
instance, [41] found spatial turnover to be around four times higher for amphibians than birds,
which is consistent with amphibians having many small ranged species. Besides being dispersal
limited, previous studies argued that habitat specialization is a relevant factor determining small
range sizes from amphibians compared with birds and mammals [7]. As a result, the marked
differences in composition between sites and regions may be explained by the fact that poor

dispersers may have higher speciation rates (as gene flow decreases) [42].



We found evidence for increasing the importance of niche-based processes from the
global to the regional scale. This result is expected and follows the observed increase in niche-
based processes at proportionally smaller scales, e.g., [29], but see [30]. However, we accept
that this finding is not surprising given that distinct realms with distinct parasite and host pools
are being compared at the global scale, implying that species composition is likely to vary
significantly, and that these variations would increase with distance. This will result in low
predictive power for any factor other than distance, as turnover would be extremely high

regardless of environmental differences.

Different parasite groups showed distinct trends in terms of how they responded to
climate and spatial distance. Besides helminths being ectothermic animals, most species have
complex life-cycles that involve releasing eggs or larvae in the environment [43]. Consequently,
during these environmental stages, parasite persistence can be directly affected by local climatic
conditions, given that temperature and precipitation can directly influence their survival and
infectivity [15,44,45]. This could explain the relevance of climate as broad-scale drivers of
helminth beta diversity. We found that trematodes are generally more sensitive to climate than
nematodes. Also, the two groups responded to different climatic variables, especially in the
neotropics. The higher sensitivity of trematodes to climatic differences may be explained by
biological characteristics. For instance, most trematodes have aquatic swimming stages, while
many parasitic nematodes (despite their enormous variation) produce larvae and eggs resistant
to environmental extremes [43]. This may explain why the former is more vulnerable to climate
than the latter, as well as why precipitation affected neotropical trematodes, given that in this

region temperature extremes are not as limiting as they are in the Nearctic.

The prominence of the minimum temperature of the coldest month found in the Nearctic
models may be explained by either its direct effect on parasites, an indirect effect mediated by
hosts, or both. Previous studies have demonstrated that ectotherms such as amphibians have a
limited capacity to survive at low temperatures [46]. As a result, physiological tolerance of
parasites and hosts to low temperatures could be the primary explanation for these findings.
Conversely, in the Neotropical models, spatial distance showed the greatest strength of effect.
We also found that the proportional importance of spatial distance in relation to climate
increased in the neotropics when compared to the Nearctic. Perhaps this can be explained by
host species in the neotropical realm having smaller range sizes in response to low climate
variability and high geographic complexity which, in turn, leads to specialization and limits

range expansion, see [47].



We only found an effect of host composition on parasite beta diversity for global
nematodes (Table 1). This result is hard to interpret and run against the existing theory [10,14]
and our predictions. First, host composition may be less important for helminths of amphibians
than for other host groups, indicating that perhaps these parasites are more generalists.
However, we believe that the most likely explanation is methodological. As shown in Table S2,
parasite composition was mostly available for two host species per site. This represents only a
subset of the available host pool, which can result in low statistical power to detect a host effect.
Moreover, this lack of response may need further investigation. Despite the fact that parasite
dissimilarity is unusually high even at the regional scale (see Figure S10 in the Supplementary
Material), GDM is quite strong in the face of response data with a large bias towards high
dissimilarity values. The non-linear link function used in GDM is intended to address, at least
in part, the issues posed by high dissimilarity values, including total dissimilarity, see [37].
Such high dissimilarity also highlight the need of more studies investigating parasite beta

diversity both within and between realms, adding valuable sampling sites and host species.

Another interesting finding is that the separate analyses on Nearctic nematodes of
Bufonidae, Hylidae and Ranidae revealed contrasting results both among them and when
compared to the model with all hosts. Notably, the habits of these anuran families differ. Hylids,
for example, are mostly arboreal, whereas bufonids are mostly terrestrial and ranids are
semiaquatic [48]. This may warrant further investigation, given that biological differences
between hosts can result in diverging pressures for parasite colonization and persistence,
resulting in the differences we observed. The take-home message from this discovery could be
the importance of specifically incorporating host life history into parasite beta diversity studies
at the macroecological level. The general trends may be disproportionately affected by which
host group has the majority of data points, especially in studies based on sparse data. Such
contingencies should be further discussed, as they can have significant implications for the

quest for universal drivers of parasite diversity at broad scales.

One of the main goals of disease macroecology is to predict disease emergence and
outbreaks [49]. In this context, a robust understanding of what drives turnover in pathogen
diversity at broad spatial scales and, therefore, limits geographical ranges of parasites, is an
essential step to reach this end. The central role of spatial distance in most of our models
contrasts most current studies on parasite beta diversity. Such differences in the relevance of
predictor variables may highlight current disease macroecology's limited ability to have broad

expectations about parasite beta diversity. Compared to free-living organisms, parasites are by



far less studied regarding diversity drivers, especially at broad scales. Therefore, it reinforces
the need for further investigations, especially on less explored realms, hosts and parasite groups.
Amphibians are the most vulnerable group of vertebrate hosts, especially considering the
current pace of climate change [46] and disease transmission [50]. Accordingly, combining
abiotic and biotic drivers of both parasites and their hosts in a multiscale approach can improve
the predictability of macroecology and disease macroecology [21]. Our study contributes to an
essential step in this direction and provides an empirical foundation for disease macroecology's
goals to be achieved with amphibians.
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Artigo 2: Tabela e Figuras

Table 1. Sum of the I-spline coefficients for each GDM model, followed by the percent of deviance explained by that model and its corresponding
root mean square error (RMSE). The strongest variable for each model is highlighted in bold, and the asterisk symbol denotes a marginally

significant effect (p=0.06). Near = Nearctic; Buf = Bufonidae family; Hyl = Hylidae family; Ran = Ranidae family.

Nematoda Trematoda

Global Nearctic Neotropical Near Buf Near Hyl Near Ran Global Nearctic Neotropical

Spatial Distance 5.50 0.60 2.62 1.36 1.5 <001 382 <0.01 11.95
Mean Diurnal Temperature Range NA 1.12 1.44 NA NA 2.44 NA 1.58 NA
Min Temperature of Coldest Month  0.64 2.23 NA NA NA NA 2.11 2.71 NA
Precipitation of Wettest Month NA NA NA NA 4.27 NA NA NA 7.78*
Host Composition 0.63 NA NA NA NA NA NA NA NA
% Explained 3151 14.76 11.66 13.17 28.89 15.01 38.13 26.15 22.55
RMSE 0.27 0.32 0.32 0.30 0.27 0.3 0.23 0.30 0.38
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Figure 1. Geographical spread of clusters used for the nematode (a) and trematode (b)

GDM models. Zoogeographical realms were delimited after [19].
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Artigo 2: Material Suplementar

Table S1. Number of sites (clusters), parasite species, and host species in the main GDM models (all hosts) when singletons are removed, as well
as the I-Spline sum (strength of effect) of each significant variable, percent of deviance explained by the model, and model performance. “NA”

stands for absence of effect.

Global Nearctic Neotropical
Nematoda Trematoda Nematoda Trematoda Nematoda Trematoda

N sites 155 85 49 28 32 8

N parasites 169 35 16 7 16 6

N hosts 170 61 43 19 40 8

Spatial Distance 5.39 2.76 0.59 0.04 1.98 NA
Mean Temp Diurnal Range NA NA 1.14 NA NA NA
Min Temp Coldest Month 0.72 2.53 2.22 1.87 NA NA
Host Composition 0.53 NA NA NA NA NA
% Explained Deviance 32.14 34.30 14.85 14.97 5.69 NA
Mean Square Error (RMSE) 0.27 0.24 0.31 0.25 0.32 NA
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Table S2. The total number of sites (clusters), parasite species, surveyed hosts, and the mean(range) number of surveyed hosts and parasite species

per cluster for each model and data subset. Near = Nearctic.

Model Parasite Number of Number of Number of surveyed host Mean(range) Mean(range)
group sites parasites species host/cluster parasite/cluster
Global Nematoda 162 134 187 1.72 (1-7) 3.03 (1-13)
Global Trematoda 99 69 77 1.33 (1-5) 2.01 (1-8)
Nearctic Nematoda 50 24 44 1.42 (1-3) 2.34 (1-5)
Nearctic Trematoda 32 16 23 1.25 (1-3) 1.90 (1-5)
Near
BUfonidae Nematoda 15 8 13 1.13 (1-2) 2 (1-4)
Near Hylidae Nematoda 16 9 11 1.06 (1-2) 1.44 (1-3)
Near Ranidae Nematoda 22 15 13 1.14 (1-2) 2.09 (1-5)
Neotropical ~ Nematoda 35 43 45 1.83 (1-7) 3.29 (1-12)
Neotropical ~ Trematoda 13 19 15 1.54 (1-5) 2.15 (1-8)
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Table S3. Mean and range (min, max) values of climatic predictors for each data subset. Near = Nearctic; NA = non-significant variable (p < 0.05).

Model Parasite  Mean Diurnal Temperature Max Temperature of Warmest Min Temperature of Coldest Precipitation of Wettest
ode
group  Range Month Month Month
Global Nematoda NA NA 8.69 (-26.53, 23.16) NA
Global Trematoda NA 30.05 (17.72, 44.20) 4.17 (-26.53, 21.30) NA
Nearctic ~ Nematoda 13.47 (8.40, 20.32) NA -1.60 (-21.87, 17.25) NA
Nearctic ~ Trematoda NA NA -5.31 (-20.31, 17.25) NA
Near
_ Nematoda NA 28.83 (22.43, 36.61) NA 136 (76, 243)
Bufonidae
Near
_ Nematoda NA NA NA 136.6 (22.5, 251.2)
Hylidae
Near
) Nematoda 12.87 (8.91, 17.81) NA NA NA
Ranidae
Neotropical Nematoda 10.84 (7.24, 14.43) NA NA NA
Neotropical Trematoda NA NA NA 207.6 (113, 364)
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Figure S1. Fitted Generalised Dissimilarity Model I-splines of spatial distance (Geographic Distance), min temperature of coldest month (bio06),

and surveyed host composition (matrix_1) as drivers of global nematode turnover. The rate of turnover is indicated by the shape of the curve.
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Figure S2. Fitted Generalised Dissimilarity Model I-splines of spatial distance (Geographic Distance) and min temperature of coldest month

(bio06) as drivers of global trematode turnover. The rate of turnover is indicated by the shape of the curve.
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Figure S3. Fitted Generalised Dissimilarity Model I-splines of spatial distance (Geographic Distance), mean diurnal temperature range (bio02),

and min temperature of coldest month (bio06) as drivers of Nearctic nematode turnover. The rate of turnover is indicated by the shape of the

curve.
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as drivers of Neotropical nematode turnover. The rate of turnover is indicated by the shape of the curve.
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Figure S10. Frequency of pairwise parasite Raup-Crick dissimilarity for each main model.

90



Nearctic Nematodes - Bufonidae Nearctic Nematodes - Hylidae

40-
75~

30~

50~

25-

o._ﬂ___ —

0.00 0.25 0.50 075 1.00 0.00 025 0.50 075
Raup-Crick Dissimilarity Raup-Crick Dissimilarity
Nearctic Nematodes - Ranidae

100-

50-

R T—

0.00 025 050 075 1.00
Raup-Crick Dissimilarity
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5. Considerac0es Finais

5.1. Principais Conclusfes

Confirmamos a nossa hipotese de que o clima tem efeitos diretos e indiretos sobre a
diversidade global de parasitos de anfibios. Especificamente, concluimos que a temperatura e a
precipitacdo afetam a diversidade de parasitos tanto diretamente quanto indiretamente pelo seu
efeito na riqueza de hospedeiros. No entanto, ndo houve confirmacdo para nossa predigéo de
que a precipitacdo anual teria um efeito direto positivo sobre a riqueza de helmintos, e nem para
nossa expectativa de que a sazonalidade da temperatura teria um efeito direto negativo sobre a
riqueza de parasitos. A falta de confirmacao para essas predi¢des pode estar relacionada ao fato
de que os prdprios hospedeiros sdo sensiveis a essas variaveis, o que tem confirmacgdo pela
resposta da riqueza de hospedeiros. Como os parasitos sdo dependentes destes hospedeiros, eles
ocorreriam apenas onde € adequado para os seus hospedeiros. Curiosamente, encontramos um
efeito positivo direto da sazonalidade sobre a riqueza de parasitos, 0 que buscamos explicar
com base no modo reprodutivo agregado dos anfibios, especialmente em regides com maior

sazonalidade.

Confirmamos nossa hipdtese de que a importancia da distancia como preditor da
substituicdo de espécies de parasitos diminui com a escala espacial. Os hospedeiros estudados
sdo conhecidos por uma capacidade de dispersdo relativamente limitada, especialmente em
amplas escalas espaciais, 0 que pode explicar a proeminéncia dessa variavel. Adicionalmente,
confirmamos nossa hipotese de que extremos de temperatura sdo mais importantes nas regiées
temperadas do que nas regides tropicais. Entender como os preditores variam em fungéo de
diferencas biogeogréaficas é fundamental para o avan¢o da teoria. Também confirmamos nossa
hipbtese de que os trematddeos sdo mais sensiveis as variaveis climaticas do que 0s nematodeos
(a0 menos em escala global e no Neértico). Essas diferencas sdo provavelmente fruto das
diferencas na historia de vida desses parasitos. Trematodeos possuem estagios larvais mais
sensiveis e dependentes de corpos de agua, enquanto muitos nematddeos tém ciclos diretos e
larvas resistentes a extremos climaticos. Surpreendentemente, ndo encontramos efeito da
composicao de hospedeiros sobre a composicdo de parasitos, o que provavelmente é fruto de

uma limitacéo do estudo.
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5.2. Contribuices tedricas e/ou metodoldgicas da tese

Nosso trabalho contribui para o entendimento do que determina a diversidade alfa e beta
de parasitos em escala macroecologica. Primeiro, utilizamos um banco de dados global inédito
com um dos grupos de hospedeiros menos estudados em relacédo a diversidade de parasitos. A
exploracdo de diferentes grupos de hospedeiros é fundamental para o avango da teoria para
além das contingéncias. Segundo, selecionamos nossas variaveis climaticas através de critérios
relacionados a biologia dos grupos ao invés de utilizarmos a latitude como proxy ou agruparmos
variaveis com métodos de ordenacgdo. Essa decisdo representa um avanco no sentido de fazer
inferéncias de causa e efeito de forma direta para elucidar os mecanismos que determinam os
padrdes de diversidade observados. Terceiro, demonstramos que relagdes diretas e indiretas
devem ser levadas em consideracdo ao investigar o que determina a riqueza de parasitos.
Quarto, até onde temos conhecimento, este foi o primeiro estudo a investigar como a
diversidade beta de parasitos em escala macroecoldgica varia em funcdo da escala espacial e
regides zoogeograficas. Entender como esses dois fatores afetam a diversidade beta é também
fundamental para a construcdo de uma teoria mais geral. Além dessas contribuicdes teoricas e
metodolodgicas, esta tese compilou 0 maior banco de dados de parasitas de anfibios anuros no
globo, 0 que certamente ird permitir o teste de novas hip6teses ou até mesmo de um datapaper
que pode ser revisado e ampliado.

5.3. Principais limitagdes do estudo

O nosso banco de dados foi construido a partir da juncéo de varios estudos primarios
independentes, o que certamente traz uma série de vieses. Na nossa opinido, algumas das
principais incluem: (i) muitos dos estudos primarios estdo separados por mais de uma década,
(if) um viés geografico claro onde a maior parte dos estudos primarios foram realizados no
Neartico, apesar dessa ndo ser a maior biorregido do planeta, (iii) apenas um subconjunto das
espécies de hospedeiros disponiveis foi analisada, e (iv) encontramos muita variacdo
relacionada ao esfor¢co amostral. No entanto, acredito que fizemos o que estava ao nosso alcance
no tratamento desses vieses, sendo criteriosos na escolha dos estudos que comporiam o banco
de dados, estabelecendo limites minimos de hospedeiros analisados, considerando as diferencas
no esforco amostral no processo de ajuste dos modelos e adotando modelos de validacéo

cruzada. Além destas, esse € um campo
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5.4. Propostas de investigagdes futuras

Poderiamos destacar pelo menos dois resultados interessantes que requerem uma maior
atencdo em estudos futuros. Em primeiro lugar, precisamos entender os padrdes distintos de
diversidade de parasitos relacionados as biorregides, entendendo como 0s processos histdricos
e biogeograficos ligados as biorregifes afetam a diversidade de parasitos diretamente e
indiretamente via hospedeiros. Em segundo lugar, percebemos que os resultados das analises
de diversidade beta variam em funcdo da familia de hospedeiros. Isso pode evidenciar a
necessidade de um entendimento mais direto acerca de como aspectos da histéria natural dos
hospedeiros afetam os padrdes de diversidade beta de parasitos. A desconsideracdo desse fator
pode fazer com que nossos resultados sejam enviesados pelos grupos de hospedeiros mais bem

representados, gerando pouco poder de generalizacao.

5.5. Orgamento

A tese foi desenvolvida com base em uma revisdo sistematica da literatura, portanto,
este trabalho ndo contou com fontes externas de financiamento além da bolsa de doutorado
concedida a mim por 42 meses (R$ 92,400) pela Coordenagdo de Aperfeicoamento de Pessoal
de Nivel Superior (CAPES) Além desta, a CAPES também me proveu mais sete bolsas (US$
11,900) através do programa Ciéncia Sem Fronteiras para realizacdo do doutorado sanduiche

na Universidade de Otago (Nova Zelandia).

95



Anexo I. Normas para submissédo na revista Global Ecology and Biogeography

1. SUBMISSION

Authors should kindly note that submission implies that the content has not been published or
submitted for publication elsewhere except as a brief abstract in the proceedings of a scientific
meeting or symposium. All submissions must be concisely and clearly written in
grammatically correct English.

Free format submission

Global Ecology and Biogeography now offers Free Format submission for a simplified and
streamlined submission process.

Before you submit, you will need:

e Your manuscript: this should be an editable file including text, figures, and tables, or
separate files—whichever you prefer. Whilst we are supportive of free formatting, we
require that abstracts be structured as per the descriptions in the ‘Manuscript
Categories and Requirements’ section. All required sections should be contained in
your manuscript, including abstract, introduction, methods, results, and conclusions.
Figures and tables should have legends. Figures should be uploaded in the highest
resolution possible. References may be submitted in any style or format, as long as it
is consistent throughout the manuscript. Supporting information should be submitted
in separate files. If the manuscript, figures or tables are difficult for you to read, they
will also be difficult for the editors and reviewers, and the editorial office will send it
back to you for revision. Your manuscript may also be sent back to you for revision if
the quality of English language is poor.

« AnORCID ID, freely available at https://orcid.org. (Why is this important? Your
article, if accepted and published, will be attached to your ORCID profile. Institutions
and funders are increasingly requiring authors to have ORCID IDs.)

e The title page of the manuscript, including:

o Your co-author details, including affiliation and email address. (Why is this
important? We need to keep all co-authors informed of the outcome of the peer
review process.)

o Statements relating to our ethics and integrity policies, which may include any
of the following (Why are these important? We need to uphold rigorous ethical
standards for the research we consider for publication):

= data availability statement

= funding statement

= conflict of interest disclosure
= ethics approval statement

= patient consent statement
96



= permission to reproduce material from other sources
= clinical trial registration

Important: the journal operates a double-blind peer review policy. Please anonymize
your manuscript and supply a separate title page file.

To submit, login at https://mc.manuscriptcentral.com/geb and create a new submission.
Follow the submission steps as required and submit the manuscript.

Click here for more details on how to use ScholarOne

For help with submissions, please contact the Editorial Office at geboffice@wiley.com. As of
January 2018, Global Ecology and Biogeography has instituted double-blind manuscript
reviewing. Please take two title pages - one with identifying this into account when preparing
a manuscript for submission by creating infromation, and one without identifying
information.

2. AIMS AND SCOPE

Global Ecology and Biogeography (GEB) welcomes papers that investigate broad-scale (in
space, time and/or taxonomy), general patterns in the organization of ecological systems and
assemblages, and the processes that underlie them. In particular, GEB welcomes studies that
use Method, comparative analyses, meta-analyses, reviews, spatial analyses and modelling to
arrive at general, conceptual conclusions. Studies in GEB need not be global in spatial extent,
but the conclusions and implications of the study must be relevant to ecologists and
biogeographers globally, rather than being limited to local areas, or specific taxa.

Similarly, GEB is not limited to spatial studies; we are equally interested in the general
patterns of nature through time, among taxa (e.g., body sizes, dispersal abilities), through the
course of evolution, etc. Further, GEB welcomes papers that investigate general impacts of
human activities on ecological systems in accordance with the above criteria.

Global Ecology and Biogeography generally does not publish studies that focus on unique
events or places, or on specific taxa in local areas. The journal is also not interested in studies
that lack ecological and/or biogeographical focus.

Getting published in GEB (also see January 2016 editorial)
A substantial proportion of manuscripts submitted to GEB are declined without review. The
decision is based on:

o Whether the paper fits the scope described above;

« Wwhether the Abstract and the display pieces present conceptual advances that will be
relevant to the work of ecologists and biogeographers globally.

It is very important that papers submitted to GEB are presented in a way that emphasizes their
generality. It is critical that the most citable points of the study be clearly presented in the
Abstract and display pieces. Use the cover letter to highlight these points to the editors.

97



3. MANUSCRIPT CATEGORIES AND REQUIREMENTS

The Journal publishes articles under the following main headers: 1) Research Article,
2) Perspective, 3) Meta-analyses, 4) Research Reviews, 5) Method, 6) Data Article and
7) Correspondence. All submissions are subject to peer review.

1.

Research Article. These are standard Research Articles, typically not longer than ten
printed pages. This corresponds to roughly 5000 words in the main body of the text,
50 literature citations, and six to eight display pieces (tables and figures). Papers that
are shorter in one of these respects may be longer in another. Please use a structured
Abstract, not longer than 300 words, with the following headings: Aim, Location,
Time period, Major taxa studied, Methods, Results, Main conclusions.

Perspective. These are short ideas or opinion centered pieces. They may provide a
perspective or opinion on an issue in the field, a new idea, critique of existing ideas, a
conceptual synthesis or a crystallization of an emerging idea in the field. They are not
short-form research, preliminary research, nor reviews. A perspective should be 2500-
5000 words with a strong emphasis on short, tight communication of ideas. Use of
conceptual figures, bullet pointed or numbered lists, boxes and other techniques to
keep a strong narrative flow with tight language are encouraged. Please provide a
structured abstract not longer than 250 words with 3-5 headings chosen to match the
structure of the paper. If you have an idea for a Perspectives paper, please contact the
Editor-In-Chief before submitting.

Meta-analyses. Statistical syntheses of earlier published analyses. Typically, these are
not longer than ten printed pages. Please use a structured abstract not longer than 300
words, as described for Research Articles.

Research reviews. Reviews should strive to concisely and critically synthesize a
subject, as opposed to being exhaustive. Please use a structured Abstract, not longer
than 300 words: 3-5 headings should be chosen to fit the structure of the paper. If you
have an idea for a Research review, please contact the Editor-in-chief before
submitting.

Method. Presentation of new analytical techniques, new software, etc., or critical
evaluation of methods in macroecology. Typically, these papers do not exceed ten
printed pages. A structured abstract not longer than 300 words with the following
headings should be used: Aim, Innovation, Main conclusions.

Data Article. These are short papers (typically 2000 words excluding the abstract, and
two figures) that present datasets of broad macroecological interest. The data must be
made public at time of publication, by depositing them in a stable online repository.
Please use a structured Abstract, not longer than 300 words, with the following
headings: Motivation, Main types of variable contained, Spatial location and grain,
Time period and grain, Major taxa and level of measurement, Software format.

Correspondence. GEB welcomes short items of correspondence (typically 2000
words, plus a single-paragraph abstract not longer than 200 words) prompted by
papers published in the journal, or occasionally other journals. Correspondence pieces
will be sent to the critiqued authors for a response. Both the correspondence and the

98



response are then sent out to review. The outcome of the review process may be that
neither, only one or both items of the correspondence are published. All
correspondence published on a topic will be in the same issue of the journal, with no
further debate allowed.

Longer papers. Authors may request that longer manuscripts be considered. However, page
space in the journal is limited, and readers value concisely written manuscripts. In the cover
letter, the authors must justify why extra space is necessary. The reviewers and Handling
Editor must agree. Rejection rates of long papers may be commensurately higher.

4. PREPARING THE SUBMISSION
Article Preparation Support

Wiley Editing Services offers expert help with English Language Editing, as well as
translation, manuscript formatting, figure illustration, and figure formatting — so you can
submit your manuscript with confidence. Also, check out our resources for Preparing Your
Article for general guidance about writing and preparing your manuscript.

Cover Letters

A cover letter to the editor, including one paragraph indicating in less than 250 words why
this paper is of interest to the readers of the Journal, must be uploaded separately.

Parts of the Manuscript

The manuscript should be submitted in separate files: main text file with embedded figures;
supporting information.

LaTeX users do not have to translate their manuscripts into MSWord, but may upload them as
PDF files. Any explanatory notes, companion papers etc. for the attention of reviewers should
be uploaded under ‘Comments to reviewers'.

Title page

i. Title

ii. The full names of the authors, only 1 corresponding author may be included

iii. The author's institutional affiliations where the work was carried out, with a footnote for
the author’s present address if different from where the work was carried out

iv. Acknowledgements

v. Biosketch

Blinded Main Text File
The text file should be presented in the following order:

I. Title
ii. A short running title of less than 40 characters

99



Iii. Abstract and keywords

Iv. Main text

v. References

vi. Data Accessibility Statement

vii. Tables (each table complete with title and footnotes)

viii. Figure legends and embedded figures

ix. Appendices (if relevant)

X. Supporting information should be supplied as separate files.

Title. The title should be short and informative, containing major keywords related to the
content. The title should not contain abbreviations (see Wiley's best practice SEO tips).

Authorship. For details on eligibility for author listing, please refer to the journal’s
Authorship policy outlined in the Editorial Policies and Ethical Considerations section.
Only 1 corresponding author may be included.

Acknowledgements. Contributions from individuals who do not meet the criteria for
authorship should be listed, with permission from the contributor, in an Acknowledgements
section. Financial and material support should also be mentioned. Thanks to anonymous
reviewers are not appropriate.

Conflict of Interest Statement. Authors will be asked to provide a conflict of interest
statement during the submission process. See ‘Conflict of Interest’ section in Editorial
Policies and Ethical Considerations for details on what to include in this section. Authors
should ensure they liaise with all co-authors to confirm agreement with the final statement.

Abstract and Keywords

Abstracts and keywords are required for some manuscript types. For details on manuscript
types that require abstracts and/or keywords, as well as how to prepare them, please refer to
the ‘Manuscript Categories and Requirements’ section. Please provide 6-10 keywords,
arranged alphabetically, separated by commas. Note that optimally the most important
keywords are repeated in the title and the keywords.

Main Text

The journal uses British spelling; however, authors may submit using either option, as
spelling of accepted papers is converted during the production process. Please use line
numbering, continuous from the beginning to the end of the document.

References
References are styled according to the sixth edition of the Publication Manual of the
American Psychological Association. List all sources in the reference alphabetically by name.
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In text citations should follow the author-date method. This means that the author's last name
and the year of publication for the source should appear in the text, for example, (Jones,
1998), and a complete reference should appear in the reference list at the end of the paper.

When a work has two authors, cite both names every time the reference occurs in text. When
a work has three, four, or five authors, cite all authors the first time the reference occurs;
subsequent citations include only the surname of the first author followed by et al., (not
Italicized and with a period after “al.”) and the year if it is the first citation of the reference
within a paragraph.

If there are two or more citations that shorten to the same lead author and date, give as many
additional names as needed to identify them, e.g., (Smith, Jones, et al., 1991) and (Smith,
Burke, et al., 1991).

Unpublished data, works in preparation and papers submitted but not yet accepted may be
cited in the text as personal communication, giving the author's initials and surname, but
should not be included in the reference list. It is the author's responsibility to obtain
permission from colleagues to include their work as a personal communication. Please add the
person’s initials, surname and if applicable institute for personal communications.

The basic reference form for a journal paper is: Author (date).Paper title. Journal, Volume,
page; and for a book citation: Author (date). Book title. Place of publication, publisher.

Please note that for journal articles, issue numbers are not included unless each issue in the
volume begins with page one. Journals names are written out in full.

Please ensure that in the paper titles only proper names are capitalized, and that all scientific
binomials are in italics.

Please include up to seven authors in the list (use “&” before last author name). For eight or
more authors please list the first six and then use ellipses followed by last author (do not use
“&” before last author name)

Journal article:

Light, M. A., & Light, I. H. (2008). The geographic expansion of Mexican immigration in the
United States and its implications for local law enforcement. Law Enforcement Executive
Forum Journal, 8(1), 73-82.

Book:

Goldstein, H. (1990). Problem-oriented policing. New York, NY: McGraw-Hill. Miles, M.
B., & Huberman, A. M. (1994). Qualitative data analysis (2nd ed.). Thousand Oaks, CA:
Sage.

Edited Book:

Gilbert, D. G., McClernon, J. F., Rabinovich, N. E., Sugai, C., Plath, L. C., Asgaard, G., ...
Botros, N. (1983). Situational crime prevention: Its theoretical basis and practical scope. In
M. Tonry & N. Morris (Eds.), Crime and justice: An annual review of research (Vol. 4, pp.
225-256). Chicago, IL: University of Chicago Press.

Data Storage and Documentation
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Global Ecology and Biogeography supports open research, therefore expects that the data
supporting the results in the paper will be archived in an appropriate public repository, such as
Dryad, TreeBASE, NERC data centre, GenBank, figshare or another archive of the author’s
choice that provides comparable access and guarantee of preservation. When data have been
shared, authors are required to provide a data availability statement, including a link to the
repository they have used, and to cite the data they have shared. Whenever possible the scripts
and other artefacts used to generate the analyses presented in the paper should also be publicly
archived in a repository Exceptions may be granted at the discretion of the editor. If authors
are unable to share data (for example, if sharing data compromises ethical standards or legal
requirements) then authors are not required to share it and must describe restrictions in their
data availability statement.

Data Sharing with Dryad

Global Ecology and Biogeography have partnered with Dryad to enable authors to store and
share their data without charge. The cost of depositing data of up to 50GB will be covered,
should authors choose Dryad as their preferred public repository, upon acceptance of an
article in Global Ecology and Biogeography. For more details, please see the Dryad webpage.

Biosketch

A Biosketch should be included: a short (30-100 words for one author, or up to 150 words for
three authors) description of the research interests of the author(s). For papers with >3
authors, a biosketch should either focus on first author(s), or should be a general statement of
the focus of the research team. Links to authors' web pages may be provided.

Citations to data sources

Some studies (e.g., meta-analyses) use data drawn from multiple published sources. If these
sources are not otherwise cited in the main text, they should be listed in one or more
appendices with titles similar to the following: “Appendix 1 — Data sources”. These data
appendices will be printed in the main paper (so that citation indexing services will capture
them), but in a reduced font. These appendices should be cited in the main text (e.g. “A list of
the data sources is found in Appendix 1.”).

Tables

Tables should be self-contained and complement, not duplicate, information contained in the
text. They should be supplied as editable files, not pasted as images. Legends should be
concise but comprehensive — the table, legend, and footnotes must be understandable without
reference to the text, giving the study organism and study location and 'n’ values where
applicable. Column headings should be brief, with units of measurement in parentheses. All
abbreviations must be defined in footnotes.
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Figure Legends

Legends should be concise but comprehensive — the figure and its legend must be
understandable without reference to the text, to this end both the geographical region and the
taxon should be mentioned in each caption. Include definitions of any symbols used and
define/explain all abbreviations and units of measurement. The figure legends should be
included on the same page as the figure or table it refers to.

Figures

For review purposes, figures should be embedded at the end of the text file. All illustrations
(including photographs and maps) are classified as figures and they should be numbered
consecutively as first cited in the text. Panels should be labelled (a), (b), (c), etc. rather than
(A), (B), (C) etc. and referred to in the text as, for example, Fig. 1a. Each table or figure
legend should be included with the respective table or figure, on the same page. Legends
should be explicit and informative and should ‘stand alone’ from the main text, giving the
study organism and study location where applicable. All abbreviations should be defined.

Click here for the basic figure requirements for figures submitted with manuscripts for initial
peer review, as well as the more detailed post-acceptance figure requirements.

If and when your paper is accepted for publication, the editorial office will request you to
upload your figures as separate files in the format(s) specified below.

Photographic figures should be saved in .tif format at 300 d.p.i. (or failing that in .jpg format
with low compression). Line figures should be saved as vector graphics (i.e. composed of
lines, curves, points and fonts) in .eps or .pdf format, as this enhances their display when
published online. Combination figures (those composed of vector and pixel/raster elements)
should also be saved in .eps or .pdf format where possible. If line figures and combination
figures cannot be saved in vector graphics format, they should be saved in .tif format at high
resolution (i.e. 600-800 d.p.i.) (do not save them in .jpg format). If you are unsure about the
resolution of your .tif files, please zoom in and check that fonts, curves and diagonal lines are
smooth-edged and do not appear blocky. Note that .tif files are downsampled for online
publication and so authors should preferentially opt for vector graphic formats for line and
combination figures (full resolution .tif files are used for print publication). Colour figures
should be saved in CYMK rather than RGB.

Prepare figures such that, after reduction to print size, all lettering and symbols will be clear
and easily read, and such that each figure makes effective use of space. Font size in figures
should be 8 pt. To check this, fix the image size in Illlustrator to the required column width,
and check the font size. Possible figure sizes: single column = 79mm, 2/3rd column =
110mm, double column = 168mm, maximum height of figure = 230mm.

Bar scales for maps and photographs are preferred to numerical scales and must be given on
all such items. Maps that display area data and organism distribution at a continental,
hemispheric, or world scale must always use an equal-area map projection (e.g. Mollweide or
Aitoff's). Note especially that Mercator's projection is not acceptable for such data. Please
indicate the precise projection employed in the caption. On these maps, the equatorial scale
should be indicated, while scale information should be provided, preferably as a scale bar
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within the figure, for all maps of whatever size and area; use ‘km’ or ‘kilometres’, not
‘kilometers’. Maps should include adequate geo-referencing information (preferably the
latitude and longitude).

Additional Files

Supporting Information

Supporting information is information that is not essential to the article, but provides greater
depth and background. It is hosted online and appears without editing or typesetting. It may
include tables, figures, videos, datasets, etc. Click here for Wiley’s FAQs on supporting
information.

Note: if data, scripts, or other artefacts used to generate the analyses presented in the paper are
available via a publicly available data repository, authors should include a reference to the
location of the material within their paper.

Such supporting information should be referred to in the text as, for example, 'see Appendix
S1 in Supporting Information'; subsequent mention should be in the form 'see Appendix S2'.
Figures and tables in the Supporting Information must be numbered consecutively by
Appendix number and figure number: e.g. the first figure in Appendix 1 as Fig. S1.1, the first
in Appendix 2 as Fig. S2.2 (if there is only one figure in Appendix 1). All appendices, figures
and tables must be cited in the text.

Supporting Information files are hosted by the Publisher in the format supplied by the author
and are not copy-edited by the Publisher. It is the responsibility of the author to supply
Supporting Information in an appropriate file format and to ensure that it is accurate
and correct. Authors should therefore prepare Supporting Information with the same rigour
as their main paper, including adherence to journal style (e.g. formatting of references, figure
captions, headings). Sources cited only in the Supporting Information should be listed in a
reference section within the supplementary files and not with the main paper. Supporting
Information can be provided as separate editable files or, preferably, as one combined file.
Authors are discouraged from supplying very large files or files in non-standard file formats,
both of which may reduce their use to the readership. At the point a paper is accepted, these
files should be prepared without line numbers or wide line spacing, and with all track-change
edits accepted.

General Style Points
The following points provide general advice on formatting and style.

o Abbreviations: In general, terms should not be abbreviated unless they are used
repeatedly and the abbreviation is helpful to the reader. Initially, use the word in full,
followed by the abbreviation in parentheses. Thereafter use the abbreviation only.

e Units of measurement: Measurements should be given in Sl or SI-derived units. Visit
the Bureau International des Poids et Mesures (BIPM) website at www.bipm.fr for
more information about SI units.
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o Numbers: numbers under 10 are spelt out, except for: measurements with a unit
(8mmol/l); age (6 weeks old), or lists with other numbers (11 dogs, 9 cats, 4 gerbils).

o Computer programs: All software programs should be written in small caps,
followed at first mention by the version number and reference. Packages in R should
be in roman and quotations (e.g. "'vegan”) and the relevant reference provided.

Wiley Author Resources

Manuscript Preparation Tips: Wiley has a range of resources for authors preparing
manuscripts for submission available here. In particular, authors may benefit from referring
to Wiley’s best practice tips on Writing for Search Engine Optimization.

Editing, Translation, and Formatting Support: Wiley Editing Services can greatly improve

the chances of a manuscript being accepted. Offering expert help in English language editing,

translation, manuscript formatting, and figure preparation, Wiley Editing Services ensures that
the manuscript is ready for submission.

5. EDITORIAL POLICIES AND ETHICAL CONSIDERATIONS
Editorial Review and Acceptance

The acceptance criteria for all papers are the quality and originality of the research and its
significance to journal readership. Papers will only be sent to review if the Editor-in-Chief
determines that the paper meets the appropriate quality and relevance requirements.

Wiley's policy on confidentiality of the review process is available here.

Declined Manuscripts

This Journal works together with Wiley’s Open Access journals, Ecology and

Evolution and Geo: Geography and Environment, to enable rapid publication of good
quality research that we are unable to accept for publication. Authors may be offered the
option of having their paper, along with any related reviews, automatically transferred for
consideration by the Editors of Ecology and Evolution or Geo: Geography and Environment.
Authors will not need to reformat or rewrite their manuscript at this stage, and publication
decisions will be made a short time after the transfer takes place. The Editors of Ecology and
Evolution and Geo: Geography and Environment will accept submissions that report well-
conducted research and which reach the standard acceptable for publication. Accepted papers
can be published rapidly, typically within 15 days of acceptance. Ecology and

Evolution and Geo: Geography and Environment are Wiley Open Access journals and article
publication fees apply. More information can be found here. Occasionally we refer papers to
our sister journals DDI or JBI.

Preprints
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This journal will consider for review articles previously available as preprints on non-
commercial servers such as ArXiv, bioRxiv, psyArXiv, SocArXiv, engrXiv, etc. Authors may
also post the submitted version of their manuscript to non-commercial servers at any time.
Authors are requested to update any pre-publication versions with a link to the final published
article.

Sequence Data

Sequence data have to be submitted in electronic form to any one of the three major
collaborative databases: DDBJ, EMBL, or GenBank. The suggested wording for referring to
accession-number information is: ‘These sequence data have been submitted to the
DDBJ/EMBL/GenBank databases under accession number U12345°. Addresses are as
follows:

o DNA Data Bank of Japan (DDBJ) www.ddbj.nig.ac.jp
« EMBL Nucleotide Archive: ebi.ac.uk/ena

e GenBank www.ncbi.nlm.nih.gov/genbank

Collecting permission and the Nagoya Protocol

Authors must ensure that any data utilised in the submitted manuscript have been lawfully
acquired in accordance with The Nagoya Protocol on Access to Genetic Resources and the
Fair and Equitable Sharing of Benefits Arising from Their Utilization to the Convention on
Biological Diversity. It is recommended that it is explicitly stated that the relevant fieldwork
permission was obtained, and to list the permit numbers, in Materials and Methods or the
Acknowledgements.

Species Names

Upon its first use in the title, abstract, and text, the common name of a species should be
followed by the scientific name (genus, species) in parentheses. For well-known species,
however, scientific names may be omitted from article titles. If no common name exists in
English, only the scientific name should be used. For the focal species in the study, the
authority(ies) should be provided at the first mention in the main text, in the format specified
by the relevant code.

Conflict of Interest

The journal requires that all authors disclose any potential sources of conflict of interest. Any
interest or relationship, financial or otherwise that might be perceived as influencing an
author's objectivity is considered a potential source of conflict of interest. These must be
disclosed when directly relevant or directly related to the work that the authors describe in
their manuscript. Potential sources of conflict of interest include, but are not limited to: patent
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or stock ownership, membership of a company board of directors, membership of an advisory
board or committee for a company, and consultancy for or receipt of speaker's fees from a
company. The existence of a conflict of interest does not preclude publication. If the authors
have no conflict of interest to declare, they must also state this at submission. It is the
responsibility of the corresponding author to review this policy with all authors and
collectively to disclose with the submission ALL pertinent commercial and other
relationships.

Funding

Authors should list all funding sources in the Acknowledgements section. Authors are
responsible for the accuracy of their funder designation. If in doubt, please check the Open
Funder Registry for the correct nomenclature: https://www.crossref.org/services/funder-
registry/

Authorship

The list of authors should accurately illustrate who contributed to the work and how. All those
listed as authors should qualify for authorship according to all of the following criteria:

1. Have made substantial contributions to conception and design, or acquisition of data,
or analysis and interpretation of data;

2. Been involved in drafting the manuscript or revising it critically for important
intellectual content;

3. Given final approval of the version to be published. Each author should have
participated sufficiently in the work to take public responsibility for appropriate
portions of the content; and

4. Agreed to be accountable for all aspects of the work in ensuring that questions related
to the accuracy or integrity of any part of the work are appropriately investigated and
resolved.

Contributions from anyone who does not meet the criteria for authorship should be listed,
with permission from the contributor, in an Acknowledgements section (for example, to
recognize contributions from people who provided technical help, collation of data, writing
assistance, acquisition of funding, or a department chairperson who provided general
support). Prior to submitting the article all authors should agree on the order in which their
names will be listed in the manuscript.

Additional Authorship Options: Joint first or senior authorship: In the case of joint first
authorship, a footnote should be added to the author listing, e.g. ‘X and Y should be
considered joint first author’ or ‘X and Y should be considered joint senior author.’

Wiley’s Author Name Change Policy
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In cases where authors wish to change their name following publication, Wiley will update
and republish the paper and redeliver the updated metadata to indexing services. Our editorial
and production teams will use discretion in recognizing that name changes may be of a
sensitive and private nature for various reasons including (but not limited to) alignment with
gender identity, or as a result of marriage, divorce, or religious conversion. Accordingly, to
protect the author’s privacy, we will not publish a correction notice to the paper, and we will
not notify co-authors of the change. Authors should contact the journal’s Editorial Office with
their name change request.

Correction to authorship

In accordance with Wiley’s Best Practice Guidelines on Research Integrity and
Publishing Ethics and the Committee on Publication Ethics’ guidance, Global Ecology
and Biogeography will allow authors to correct authorship on a submitted, accepted, or
published article if a valid reason exists to do so. All authors — including those to be added or
removed — must agree to any proposed change. To request a change to the author list, please
complete the Request for Changes to a Journal Article Author List Form and contact
either the journal’s editorial or production office, depending on the status of the article.
Authorship changes will not be considered without a fully completed Author Change form.
(Correcting the authorship is different from changing an author’s name; the relevant policy for
that can be found in Wiley’s Best Practice Guidelines under “Author name changes after
publication.”)

ORCID

As part of the journal’s commitment to supporting authors at every step of the publishing
process, the journal requires the submitting author (only) to provide an ORCID iD when
submitting a manuscript. This takes around 2 minutes to complete. Find more information
here.

Publication Ethics

This journal is a member of the Committee on Publication Ethics (COPE). Note this
journal uses iThenticate’s CrossCheck software to detect instances of overlapping and similar
text in submitted manuscripts. Read the Top 10 Publishing Ethics Tips for Authors here.
Wiley’s Publication Ethics Guidelines can be found at authorservices.wiley.com/ethics-
guidelines/index.html.

6. AUTHOR LICENSING

If a paper is accepted for publication, the author identified as the formal corresponding author
will receive an email prompting them to log in to Author Services, where via the Wiley
Author Licensing Service (WALS) they will be required to complete a copyright license
agreement on behalf of all authors of the paper.
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You may choose to publish under the terms of the journal’s standard copyright agreement, or
Open Access under the terms of a Creative Commons License.

Standard re-use and licensing rights vary by journal. Note that certain funders mandate a
particular type of CC license be used. This journal uses the CC-BY/CC-BY-NC/CC-BY-NC-
ND Creative Commons License.

Self-Archiving Definitions and Policies: Note that the journal’s standard copyright agreement
allows for self-archiving of different versions of the article under specific conditions.

Open Access fees: Authors who choose to publish using Open Access will be charged a fee.
A list of Article Publication Charges for Wiley journals is available here.

Funder Open Access: Please click here for more information on Wiley’s compliance with
specific Funder Open Access Policies.

7. PUBLICATION PROCESS AFTER ACCEPTANCE
Accepted Article Received in Production

When an accepted article is received by Wiley’s production team, the corresponding author
will receive an email asking them to login or register with Wiley Author Services. The
author will be asked to sign a publication license at this point.

Proofs

Authors will receive an e-mail notification with a link and instructions for accessing HTML
page proofs online. Page proofs should be carefully proofread for any copyediting or
typesetting errors. Online guidelines are provided within the system. No special software is
required, all common browsers are supported. Authors should also make sure that any
renumbered tables, figures, or references match text citations and that figure legends
correspond with text citations and actual figures. Proofs must be returned within 48 hours of
receipt of the email. Return of proofs via e-mail is possible in the event that the online system
cannot be used or accessed.

Please note that the author is responsible for all statements made in their work, including
changes made during the editorial process — authors should check proofs carefully.

Early View

The journal offers rapid publication via Wiley’s Early View service. Early View (Online
Version of Record) articles are published on Wiley Online Library before inclusion in an
issue. Note there may be a delay after corrections are received before the article appears
online, as Editors also need to review proofs. Once the article is published on Early View, no
further changes to the article are possible. The Early View article is fully citable and carries
an online publication date and DOI for citations.

8. POST PUBLICATION

Article Promotion Support
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Wiley Editing Services offers professional video, design, and writing services to create
shareable video abstracts, infographics, conference posters, lay summaries, and research news
stories for your research — so you can help your research get the attention it deserves.

Access and Sharing
Please review Wiley’s guidelines on sharing your research here.
When the article is published online:
o The author receives an email alert (if requested).
o The link to the published article can be shared through social media.

o The author will have free access to the paper (after accepting the Terms & Conditions
of use, they can view the article).

« The corresponding author and co-authors can nominate up to ten colleagues to receive
a publication alert and free online access to the article.

Print copies of the article can now be ordered (instructions are sent at proofing stage or use
the below contact details). Email www.sheridan.com/wiley/eoc

To find out how to best promote an article, click here.
Measuring the Impact of an Article

Wiley also helps authors measure the impact of their research through specialist partnerships
with Kudos and Altmetric.

9. EDITORIAL OFFICE CONTACT DETAILS

geboffice@wiley.com
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Anexo Il. Normas para submissédo na revista Philosophical Transactions of the Royal
Society B

Author guidelines

This page explains how to prepare your article for submission to any of our journals, with the
exception of Notes and Records and Biographical Memoirs.

Note that length restrictions, article types and other journal specific information are available
on the ‘Author information’ page on each journal website.

When deciding on authorship and other contributors please consider equity, diversity and
inclusion.

The submitting author will be required to provide an Open Researcher and Contributor 1D
(ORCID) via the online submission system. The benefits of registering an ORCID are
outlined here. Provision of ORCIDs by co-authors is strongly encouraged, but not mandatory.
You are permitted to suggest suitably qualified reviewers, especially from underrepresented
groups (including women, ethnic minority scientists, scientists with disabilities and other
underrepresented groups), early career researchers, and researchers from the global South.

However, we may choose to use other reviewers.

« Editorial policies

« Article transfers

« Formatting your article

« Figures and tables

« Style and language

« Supplementary material

« Data, code and materials

« End section statements

« Licence to publish and open access
« Figure permissions

e LaTeX guidelines

« Media summary

« Cover/website image

« Post acceptance information
« How to submit

Editorial policies
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https://blogs.royalsociety.org/publishing/from-january-youll-need-an-orcid/

Please carefully read our ethics and policies page before submitting. Please also review
our licensing and open access conditions.
Papers submitted to Royal Society science journals are normally peer reviewed in a single-

blind fashion (author names are not concealed, but referee names are).

Unless you have opted for publication of peer review information for accepted papers
(available in some journals*), the referee reports and other correspondence relating to your
paper must remain confidential and should not be shared or made publicly available.
*Proceedings A, Proceedings B, Open Biology, Royal Society Open Science.

Article transfers

Editors of the following journals have the option to offer the author a transfer to another

Royal Society journal.

Possible transfers are:

« Biology Letters (to Royal Society Open Science)

« Interface (to Royal Society Open Science)

« Open Biology (to Royal Society Open Science)

« Proceedings A (to Royal Society Open Science)

« Proceedings B (to Royal Society Open Science, Biology Letters, Open

Biology or Interface)

Transfers may be offered when an article does not meet the scope requirement of the original
journal. Editors' comments and reviewer reports on the article are transferred over and will be

available to the editorial team of the receiving journal.

Transferring is a two-step process and should be completed as soon as possible by the author

after receiving the offer to transfer — this offer expires after four weeks.

Formatting your article

In order to make manuscript submission as easy as possible for authors, we have
introduced format-free initial submission for the majority of our journals, apart
from Proceedings B and Biology Letters which requires a Word version upon initial

submission to enable accurate length estimation.
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At first submission, authors can submit their manuscript in any format; however, we do still
encourage authors to read the manuscript preparation guidelines below and to consider how

easy a manuscript is to read by reviewers and editors.

Where applicable, manuscripts must adhere to our guidelines regarding length (see each

journal website).

Once an article has been accepted for publication the main manuscript must be submitted as
an editable file, not a PDF, and the source files of any figures and tables must be provided. If
you are submitting a LaTeX file please see our LaTeX guidelines below.

Submissions should include the following sections.

Title page

Your article title should be a short description of the research you are reporting. The best titles
are written with both human readers and search engines in mind; including keywords in your
title will help readers discover your article online. The title page should also contain full
names and affiliations for each author.

Abstract

The abstract should be no more than 200 words and should not contain references or
unexplained abbreviations or acronyms. Your abstract should be concise and informative and
should read well as a standalone piece. The general scope of the article as well as the main
results and conclusions should be summarised. Please also ensure that your abstract contains
all likely search terms, to assist indexers (e.g. PubMed) that scan only the title and abstract of
articles. If possible, it is beneficial to have all your keywords written into the abstract.

Keywords

Please include at least 3 and up to 6 keywords. Try to avoid overly broad or specialised terms

that might be meaningless to a reader.

Think about the words you would use to search online for articles on the same topic; these
often make the best keywords. They do not necessarily need to be single words; keywords can

include short phrases or terms that are easily recognised by researchers in your field.
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Main text

The main text of your article should be split into clearly-labelled sections. Usually these will
be background, methods, results, discussion and conclusions, however please feel free to use
whatever headings and subheadings best suit your article. Abbreviations should be written out

in full on first use.

Methods section (if applicable)

The Methods section should be written as concisely as possible but should contain all
elements necessary to allow interpretation and replication of the results. Please include full
specific details of materials used, such as reagents, animal models or software. References to
published methods or protocols (e.g. protocols.io) can also be provided. You are also

encouraged to preregister your methods at a suitable repository (e.g. https://osf.io/prereg).

You will also be required to provide a Data Availability statement; detailed guidance can be
found below. Please additionally include the accession details in your methods sections where
appropriate.

Acknowledgements

Please acknowledge anyone who contributed to the study but did not meet the authorship

criteria.

Funding

Please state the sources of funding including grant number for each author. Including this
information is a requirement of many funders. You will also be asked to enter this information
during the submission process, but please ensure that you also include it in the manuscript.
We suggest the following format:

This work was supported by the Wellcome Trust [grant numbers xxxx, yyyy]; the Natural
Environment Research Council [grant number zzzz]; and the Economic and Social Research
Council [grant number aaaa].

References

All our journals use a system based on Vancouver style referencing. All references to the
literature cited will be given in the order of their appearance in the text in a consecutively

numbered list at the end of the article.
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Whilst it will aid our production team if your final manuscript uses this format, it is not a
requirement for submission. However please note that numbered references reduces your

word count significantly and may be helpful for meeting page limits.

Please note that references to datasets must also be included in the reference list with DOIs

where available. For example:

1. Torres-Campos I, Abram PK, Guerra-Grenier E, Boivin G, Brodeur J. 2016 Data from: A
scenario for the evolution of selective egg colouration: the roles of enemy-free space,
camouflage, thermoregulation, and pigment limitation. Dryad Digital Repository.
(http://dx.doi.org/10.5061/dryad.5qt2Kk)

Each reference should contain as many of the following elements as possible:

 Author surnames with initials (up to 10 before et al. is used)

« Year of publication

« Title of paper or book

« Journal name using standard abbreviation

« VVolume number

« Book publisher and location

« First and last page numbers, or article number

« Digital Object Identifier (DOI)
EndNote style files are available for most of our journals. For Royal Society Open
Science please use the Open Biology style file.

Figures and tables

All figures and tables should be numbered and referred to in the text by their number. Figure
and table captions should be provided within the manuscript, and should be brief and

informative, and include any relevant copyright information if taken from a published source.

At initial submission, figures can be provided within the manuscript or as separate files. On
revision, figures should be uploaded as separate files. During production, figures and tables
will be resized to fit the page and text styles and labelling will be updated in line with our

house style.

The following file formats are most suitable:
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e TIFF
 Adobe Photoshop
« JPEG
« PowerPoint, Excel or Word if the figure was created using 1 of these packages
« Postscript (PS, EPS or PDF)
o Adobe Illustrator
TeX/LaTeX-coded figures should be converted to postscript format (PS, EPS or PDF).

Colour figures are welcomed. All figures will be published in colour online (the version of
record), but will be reproduced in black and white in any print versions of the journal by
default. If you feel that print colour is essential for any of your figures, please list the relevant
figure numbers on submission of your article. Please note that, because of the high cost of

colour printing, the final decision on colour usage is made at the discretion of the Editor.

Authors are encouraged to consider the needs of colour-blind readers when choosing colours
for figures. Many colour-blind readers cannot interpret visuals that rely on discrimination of

green and red, for example. The use of colour-safe combinations, such as green and magenta,
turquoise and red, yellow and blue or other accessible colour palettes is recommended.

Tables must be provided in an editable format at final submission.

Style and language

Royal Society journals only accept submissions in English. Spelling should be British
English. Abbreviations should be used only when necessary and should be defined when they

are first used. SI units should be used throughout.

Authors who believe their manuscripts would benefit from professional editing prior to
submission are encouraged to use a language editing service.

Royal Society Open Science has partnered with PaperPal Preflight which offers technical
checks (free) and comprehensive language recommendations (a small discounted fee).
AuthorAid hosts a variety of useful resources to help researchers prepare articles for
publication.

Supplementary material
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Supplementary material can be used for supporting data sets, supporting movies, figures and
tables, and any other supporting material. Larger datasets should be uploaded to an
appropriate repository rather than provided as supplementary material (See section below).
The main article should stand on its own merit. The number of references included in the
supplementary material should be kept to an absolute minimum as these are not recognised by
many indexing services. You will be asked during the submission process if supplementary

material contains data sets, code or materials.

Note that supplementary materials are created by the authors themselves and are not edited by
the Royal Society so please proof-read these thoroughly before submitting. If your
supplementary file contains complex formatting or equations we would recommend that you
submit it as a PDF file with fonts embedded to avoid compatibility problems for readers.

All supplementary material will be published under a CC-BY licence. For more information
see our data sharing policies and our licence to publish.

Authors should submit supplementary materials as supporting files with their submission via
ScholarOne Manuscripts, including titles and descriptions in the submission form. Each file
can be up to 350MB, but should ideally be much less. Authors with supplementary material
files of a larger size (in particular, movies) should contact the relevant journal editorial office

for further assistance.

All supplementary material accompanying an accepted article will be published alongside the
paper on the journal website and posted on figshare, an online repository for research data.
Files on figshare will be made available approximately one week before the accompanying
article so that the supplementary material can be attributed a unique DOI. Online
supplementary material will carry the title and description provided during the submission
process, so please ensure these are accurate and informative. An example, showing the title
and description as provided during the submission process, is available here.

Data, code and materials

Please read our data sharing policies carefully before submission.

It is a condition of publication that authors make the primary data, materials (such as
statistical tools, protocols, software) and code publicly available. These must be provided at
the point of submission for our Editors and reviewers for peer-review, and then made publicly
available at acceptance. They will be asked to report on the availability of relevant data, code

or other digital materials, these must be provided either hosted in an external repository with a
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link included in the Data Accessibility Section or as supplementary material. If you are unable
to do this (e.g. if your chosen repository only allows upload after manuscript submission)
please contact the Editorial Office to discuss alternative options. Material may be submitted
as supplementary files for the review stage, then moved to an external repository during
revision, but this must be finalised before resubmission as changes cannot be made after
acceptance.

Authors do not need to submit the raw data collected during an investigation if the standard
in the field is to share data that have been processed (e.g. CSV files recording response to
stimuli rather than the electrical signals on which they were based). If processed data are
supplied, rather than raw data, this should be stated in the electronic submission form.

Please provide all code used to generate statistics & generate figures, along with any
(processed) data required as inputs, along with details of what software it requires (program
and version). Analysis code (such as R scripts) must be made available at the point of
submission, as well as any previously unreported algorithm. Any restrictions or reasons for
prohibiting important code or algorithm sharing must be discussed with the Editors before
submission. The Editors reserve the right to return to authors papers supplied without data,

code, or other digital materials without review.

As a minimum, sufficient information and data are required to allow others to replicate all
study findings reported in the article. Data and code should be deposited in a form that will
allow maximum reuse. As part of our open data policy, we ask that data and code are hosted
in a public, recognised repository, with an open license (CCO or CC-BY) clearly visible on
the landing page of your dataset. Use of Google drives, Dropbox, or similar services in
prohibited.

End section statements

As part of the submission process, you will be required to provide statements on the
following, which are essential for rapid assessment. You are no longer required to add these
statements in the manuscript itself - these statements will be automatically added to the paper
if accepted for publication. Please have these statements ready when you submit your
manuscript.

Ethics
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Research on humans or human tissues will require a statement detailing ethical approval
(including the name of the research body that granted approval and the project/licence
number). Please also detail whether informed consent was obtained and by whom. If your
study uses animals please include details of the ethical approval received, including the name
of the committee that granted approval and number of the licence/approval received. Relevant
fieldwork details (approvals, licences, permissions) should also be listed here. For studies
requiring the removal of, for instance, fossil specimens, please also include details of the
approvals sought to carry out extraction. The details of any museum and/or fossil specimens
used (e.g. the specimen numbers and the institutions holding these) must be provided either in
the manuscript or the supplementary files. For more information about preparing this section
please visit our ethics and policies page.

Data, code and materials

All papers that report primary data will require a section that states where the article's

supporting data, materials and code can be accessed.

If these have been deposited in an external repository this section should list the database,
accession number and any other relevant details. Datasets included here must also be listed in
the reference section. Citing datasets and code ensure effective and robust dissemination and

appropriate credit to authors.

For example:

« DNA sequences: Genbank accessions F234391-F234402 [REF#]
« Phylogenetic data, including alignments: TreeBASE accession number S9123 [REF#]
« Climate data and MaxEnt input files: Dryad doi:10.5521/dryad.12311 [REF#]

If supporting data, materials or code have been included in the article’s supplementary

material, this should be stated here, for example:

The datasets supporting this article have been uploaded as part of the supplementary
material.
Competing interests
Please provide a statement if you have any competing interests to declare. Competing
interests are defined as those that, through their potential influence on behaviour or content or
from perception of such potential influences, could undermine the objectivity, integrity or
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perceived value of publication. Please see the Competing Interests section of our Openness
policy for more information.
If you are unsure whether you have a competing interest please contact the relevant journal

editorial office for advice.

Authors' contributions

Note: Proceedings B is currently trialling CRediT (Contributor Roles Taxonomy).
Authors submitting to this journal will be required to allocate roles to authors from a
taxonomy, and will not be asked to provide the statement outlined below. The taxonomy
consists of 14 roles that represent the different contributions authors make to journal articles.
The roles are as follows: Conceptualization; Data curation; Formal analysis; Funding
acquisition; Investigation; Methodology; Project administration; Resources; Software;
Supervision; Validation; Visualization; Writing — original draft; Writing — review & editing.
More information can be found at https://casrai.org/credit/.

All submissions, other than those with a single author, will require an Authors’ Contributions
section which individually lists the specific contribution of each author. The list of authors
should meet the criteria provided on our policy page. All contributors who do not meet all of
these criteria should be included in the acknowledgements section.

We suggest the following format:

AB carried out the molecular lab work, participated in data analysis, carried out sequence
alignments, participated in the design of the study and drafted the manuscript; CD carried
out the statistical analyses and critically revised the manuscript; EF collected field data and
critically revised the manuscript; GH conceived of the study, designed the study, coordinated
the study and helped draft the manuscript. All authors gave final approval for publication and
agree to be held accountable for the work performed therein.

Licence to publish and open access
Royal Society Open Science and Open Biology are fully open access journals and all articles
in these journals are published under a CC-BY licence. All our other journals offer an open

access option. Find out more about our open access options here.

All authors are required to grant us a licence to publish. Please read this carefully before

submission.
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https://royalsociety.org/journals/authors/open-access
https://royalsociety.org/journals/authors/author-guidelines/licence-to-publish

Open access papers are published under a Creative Commons Attribution 4.0 (CC-BY)
licence. This allows anybody to copy, distribute, transmit and adapt, even for commercial
purposes, under the condition that the user must attribute the work in the manner specified by
the author or licensor (but not in any way that suggests that they endorse the user or their use

of the work). Users do not need to notify the authors or the publisher about using the material.

Figure permissions

Figures from other sources should be fully acknowledged in the caption, and written
permission sought for both print and electronic reproduction before being used (where
relevant). For more information please read our guidance document.

If publishing an open access paper, the Creative Commons Attribution (CC-BY) licence will
cover all components of the paper, so any third party material used (e.g. figures) will also fall
under this usage agreement. Permission must be obtained to use any material in this way, and
copyright holders must be aware of the terms. This may affect how the same material can be
used in other situations. If material cannot be included under the CC-BY licence then this
must be identified within the text, e.g. by adding copyright information to the figure caption,
or material must be identified to the Royal Society production team so that the relevant
information can be added to the general copyright line for the paper. For more information

please see Creative Commons guidance.

LaTeX guidelines

Please ensure that you submit a PDF as your main document. At final revision you will also

be required to provide the source files.

« TeX files submitted must be generated using pdfTeX Version 3.1415926-2.4-1.40.13,
TeXLive 2012 or earlier versions.

« All files that are needed to compile the TeX source correctly must be uploaded with
the submission.

« Please do not send master TeX files containing file call-ups (except to figures and
references); the TeX file must be complete with all article sections.

« Figures must be supplied as gif, jpg, png, ps, eps or pdf files, and should be a single
flattened layer.
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« Type 3 fonts are not accepted. Vector fonts (such as Typel, truetype, opentype etc.)
are preferred.
o Guidelines for document and image conversions in ScholarOne Manuscripts can be

found in the Get Help Now section.

Media summary

When you are submitting your final files for publication you will be prompted to submit a
media summary. This should be no more than 100 words and aim to outline, to a lay audience,

your research and any relevant findings.

If possible try to highlight why the research is important, i.e. does your research discover
something new? Does it change perceptions or previous understanding? Try to link your
research with examples or analogies as this enables journalists to understand and relate to

your work. Please avoid using excessive jargon or statistics, unless absolutely necessary.

It is important to ensure that your user details are up to date (institution, email and telephone
number). This information will be provided to journalists wishing to promote your paper, so
please ensure it is updated while uploading your revisions. If you have any questions, please

contact the Royal Society press office.

Cover/website image

You are welcome to submit a potential cover image for use on the journal website and on our
press site for media promotion of your article. Please ensure you obtain all relevant copyright
permissions before submitting the image to us. You can upload any potential images as a

‘Cover Image' when submitting your revised files.

Post acceptance information

Proofs

Since all our journals aim to publish as rapidly as possible after acceptance, only a few days
may be available for checking proofs. Authors who may be absent from their normal address
should either inform the relevant journal of their intended whereabouts or make alternative
arrangements for their proofs to be checked quickly. Major alterations to content cannot be

made at this stage.
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One set of page proofs is sent to the corresponding author, showing the final layout of the
article as it will appear in the published version. Proofs should be read carefully for
typesetter's errors and the accuracy of tables, references, mathematical expressions, etc.

Publication of an article will be delayed if proofs are not returned by the given deadline.

Offprint information

On publication, we will provide you with a link providing free access to your paper. You may
forward the email to your co-authors or colleagues in order for them to access the paper,

however please note that these electronic reprints may NOT be used for commercial purposes
or posted on openly accessible websites, unless published under a CC-BY licence. All reprints

are subject to our terms and conditions.

Copies of the printed issue can be purchased on request for some journals. For further
details contact our sales team.

Media promotion

The Society's press office promotes articles that appear in our scientific journals through
weekly lists of media summaries to journalists. Please note that, like many publishers, the
Royal Society employs a strict embargo policy whereby the reporting of a scientific article by
the media is embargoed until a specific time. If you are approached by a journalist prior to
publication, please contact the Society's press office.

It is a good idea to alert your institution's press office to the fact you are having an article
published. Given enough advance warning, they may want to produce a press release to

coincide with the weekly list from the Society's press office.

Closer to the time of publication, the Society's press office will contact you to confirm the
online publication date for your paper, to provide additional information on the Society's
embargo policy and to give you advance warning of when you may expect to be contacted by

journalists.

After publication, we encourage you to share your work on social media and across your
professional networks. More suggestions of how to promote your work can be found on our

blog 'Promoting your latest paper, and tracking your results'.
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