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APRESENTACAO

Recentemente, muito se tem debatido sobre os processos que regem os
gradientes latitudinais de diversidade. Isso se deve principalmente aos avancos
computacionais na darea de estatistica espacial, impulsionando os estudos
macroecoldgicos, bem como a uma maior disponibilidade de dados de
distribuicao e variagdo ambiental em escalas continentais. Em face disso, antigas
teorias que tentam explicar os padrdes latitudinais de riqueza de espécies vém
sendo testadas com mais robustez, ao mesmo tempo em que muitas outras tém
surgido. Uma das mais recentes propostas para explicar esses padrdes é a Teoria
Metabdlica da Ecologia (Metabolic Theory of Ecology — MTE), a qual tem instigado
um caloroso debate na Ecologia.

Basicamente, essa teoria prediz que os padrdes de riqueza de espécies em
amplas escalas espaciais resultariam da dependéncia das taxas metabdlicas
individuais em relacdo a temperatura. Dessa forma, a MTE foca no entendimento
da interface entre fisiologia, ecologia e evolucdo, baseando-se na taxa metabdlica
entre os organismos. Uma das principais premissas que fundamentam a teoria é
gue o metabolismo individual é importante para a Ecologia, pois é através dele
gue os organismos interagem com seus ambientes. No entanto, essa teoria, da
forma que foi proposta por seus fundadores, possui varias falhas no que diz
respeito aos métodos estatisticos utilizados para testar o efeito da temperatura
sobre a riqueza de espécies, bem como problemas conceituais.

Diante desse cendrio, esta tese foi elaborada com o intuito de propor uma

metodologia mais adequada para o teste da MTE, utilizando diferentes



abordagens estatisticas, além de analisar a magnitude da aplicabilidade da teoria,
testando seus pressupostos com dados de anfibios do Novo Mundo. Assim, esta
tese potencialmente fornece subsidios metodoldgicos e conceituais para o avango
dessa teoria na Ecologia.

Os resultados das analises feitas com os anfibios estdo dispostos em
quatro artigos: o primeiro teve o objetivo de analisar o padrdao de riqueza de
espécies e verificar qual regido da América as predigdes da MTE melhor se
ajustam (Apéndice 1); o segundo ressaltou os problemas metodolégicos da teoria,
utilizando duas diferentes abordagens estatisticas (Apéndice 2); o terceiro avaliou
se a temperatura é o principal determinante das taxas evolutivas e se essas
aumentam em direc¢do os trépicos (Apéndice 3) e, por fim, o quarto, caracterizou
as principais limitacGes e a aplicabilidade da MTE, no que diz respeito as viola¢Ges
de seus pressupostos (Apéndice 4).

Para apresentar esses artigos, esta tese foi estruturada da seguinte
maneira: a secao 1 “introdugdo e fundamentagdo tedrica” apresenta uma revisdo
geral dos padrdes macroecoldgicos, incluindo os desenvolvimentos metodoldgicos
e as principais hipoteses sugeridas. A secdo 2 “objetivos” descreve os objetivos
deste trabalho, relacionando cada um ao seu artigo especifico. Na secdo 3
“metodologia” é apresentado um esbogo geral das atividades envolvidas no
trabalho; nesse caso, inicialmente estdo descritos mais detalhadamente os
procedimentos para obtencdo dos dados e, posteriormente, é feita uma breve
descricdao das analises estatisticas envolvidas, uma vez que cada artigo apresenta
uma descricdo mais detalhada de suas analises. A se¢dao 4 “resultados e

discuss@o”, por sua vez, apresenta um relato geral dos principais resultados de



cada artigo, com a discussdo interpretativa dos mesmos. Da mesma forma, as
conclusdes de cada artigo encontram-se resumidas na secdao 5 “conclusoes”.
Finalmente, cada um dos artigos com descricdio detalhada de hipoteses,
metodologias, resultados e discussdo foi anexado na parte final do trabalho, secdo
7. “apéndices”, seguindo a ordem do desenvolvimento do trabalho apresentado

acima.
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RESUMO

A Teoria Metabdlica da Ecologia (MTE) tenta explicar os gradientes latitudinais de
biodiversidade. Baseada na cinética bioquimica do metabolismo, a MTE
basicamente apresenta uma precisa predigao quantitativa de como a riqueza de
espécies deveria variar com a temperatura ambiental, expressa como 1/kT:
linearmente com uma inclinacdo da reta (b) de aproximadamente -0,65.
Utilizando dados de 3019 espécies de anfibios do Novo Mundo avaliou-se qual é o
melhor teste estatistico para se testar as predicdes da MTE, bem como qual regido
do espaco geografico essas predicdes melhor se aplicam. Além disso, foi avaliado
se as taxas evolutivas sdo funcdo da temperatura e se a magnitude dos desvios de
b predito pela MTE para a relagdo entre riqueza e temperatura é funcdo de
violagBes dos pressupostos da teoria. As analises mostraram que a MTE possui
algumas falhas metodoldgicas e conceituais, como a falta de incorporagao da
estrutura espacial dos dados e o ajuste da teoria em apenas uma limitada area
geografica do mapa. A correlacdo entre temperatura e taxas evolutivas mostrou-
se fraca. Adicionalmente, cerca de 60% dos desvios de b predito foram devido a
violagOes nos pressupostos. A hipdtese que os padrdes de riqueza sdo uma funcao
da temperatura ambiental é simplificada e nao considera outros processos
ecoldgicos e ambientais. Contudo, seria possivel obter derivagcbes multiplas da
equacdo principal da MTE considerando as idiossincrasias dos fatores espaciais,
bioldgicos e ecoldgicos que sdo essenciais ao entendimento dos padrdes de

biodiversidade.
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1 INTRODUCAO E FUNDAMENTACAO TEORICA

1.1 Padrées macroecoldgicos

Ha um continuo debate na literatura ecoldgica sobre os mecanismos que
determinam os padrdes espaciais de riqueza de espécies em ampla escala (Rohde
1992, Rosenzweig 1995, Gaston 2000, Whittaker et al. 2007, Willig et al. 2003,
Hawkins et al. 2003, Mittelbach et al. 2007). O aumento no numero de espécies
dos pélos em direcdo ao equador é bem conhecido para a maior parte dos grupos
de organismos, em diferentes niveis hierdrquicos, e varios mecanismos tém sido
propostos para explicar esses padroes. Entretanto, mesmo apds dois séculos de
trabalho (Hawkins 2001), ainda ha poucas explicacbes aceitas e as causas que
geram esses padrdes continuam a nos intrigar. Apesar do decréscimo na
diversidade taxonomica (riqueza de espécies) dos tropicos em direcdo aos polos
ser o padrdo geografico mais estudado em ampla escala (Hawkins 2001), foi
apenas nas ultimas décadas que esse padrdo tornou-se uma questdo central em
ecologia geografica e biogeografia.

Em 1972, Robert MacArthur reacendeu o debate acerca dos fatores que
regem os padrées de diversidade, comentando que a estrutura do ambiente, a
morfologia das espécies e diferencas nas dinamicas populacionais sdo
caracteristicas essenciais de todos os padrdes geograficos (Ruggiero & Hawkins
2006). Assim, atualmente ha muito interesse no entendimento de fatores
ecoldgicos e evolutivos que influenciam os gradientes de diversidade de espécies

(Ricklefs 2004, Jablonski et al. 2006, Harrison & Cornell 2007, Roy & Goldberg
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2007). Sabe-se que esses gradientes ocorrem em diferentes habitats (Rosenzweig
1995, Willig et al. 2003, Hillebrand 2004) e periodos de tempo (Crane & Lidgard
1989, Crame 2001, Mittelbach et al. 2007, Powell 2007).

Os ecodlogos reconhecem a necessidade de saber os efeitos das restricdes
filogenéticas, processos climaticos e biogeograficos a fim de interpretar as
respostas dos sistemas as variacdes naturais. Biogedgrafos e sistematas procuram
saber como condigdes ambientais passadas influenciaram a distribuicdo e
diversificacdo de linhagens de espécies relacionadas. Paleontdlogos e
macroevolucionistas tentam explicar as causas da variagdao das taxas evolutivas e
os pulsos de especiacdo e extingdo das espécies ao longo de milhares de anos.
Para direcionar essas questdes, as pesquisas devem ampliar seus limites e
explorar a interface entre disciplinas tradicionais.

Em face disso, Brown & Maurer (1989) fundaram uma nova disciplina, a
Macroecologia, cujo objetivo é estudar as caracteristicas emergentes de grandes
grupos de organismos e analisar os padrGes espaciais de diversidade em grandes
escalas espaciais, assim como o desdobramento dos processos ecolégicos e
evolutivos subjacentes a esses padrdes (Brown 1995, Blackburn & Gaston 1998).
Dessa forma, a avaliacdo dos padroes ecoldgicos dentro do gradiente latitudinal
de diversidade requer: (i) um grande conjunto de dados com resolugdo suficiente
para detectar padrdes (Rex et al. 2000) e (ii) uma perspectiva macroecolégica que
incorpore variagao temporal em condi¢gdes ambientais, a fim de testar se
propriedades em grandes escalas respondem como esperado (Rex et al. 2000).

Portanto, o estudo de padrdes espaciais globais de diversidade é

complexo, principalmente devido a impossibilidade de qualquer inferéncia por
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meio de técnicas experimentais ou por controle de variaveis, ja que (i) a extensdo
espacial ndo comporta tais procedimentos, (ii) o nimero de variaveis ambientais a
serem controladas é praticamente infinito, além de que (ii/) quanto maior for a
extensdo (escala) espacial considerada, maior espera-se que seja a rigqueza
bioldgica.

Diante desse cenario, estudos macroecoldgicos frequentemente sdo vistos
criticamente (Rahbek & Graves 2000, Blackburn 2004), porque ao considerar
grandes escalas espaciais, experimentos se tornam praticamente inexequiveis,
embora estes sejam considerados muito importantes para testar hipdteses
ecoldgicas.

Impulsionado pelo novo programa de pesquisa em macroecologia, um
ressurgimento vigoroso desses estudos passou a acontecer nos anos 90.
Juntamente com os avangos analiticos, os avangos tecnoldgicos, tais como o uso
de sistemas de informacdo geografica (SIGs), tém permitido uma consideravel
melhora na manipulacdo de dados bioldgicos distribuidos espacialmente. Nesse
caso, a extensdo da area estudada, e a resolugdo espacial empregada no estudo,
tornam-se detalhes de menor importancia, ou mesmo o proprio foco do estudo
(Rahbek & Graves 2001). Além disso, o préprio dado biolégico, como por exemplo,
a posicao geografica da drea de distribuicdo da espécie, registros de ocorréncia
com detalhes taxonomicos, os acervos de museus, estdo tornando-se cada vez
mais disponiveis na rede mundial de computadores para inimeros grupos de
espécies. Isto, ja hoje, e muito mais nos préximos anos, favorece o estudo dos

padrdes espaciais de diversidade bioldgica.
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Com relacdo ao conhecimento do ambiente em si, a popularizacdo do uso
de sensoriamento remoto e a multiplicacdo dos algoritmos de estimativa de
varidveis ecoldgicas por imagens de satélite, tornaram a obtencdo de varidveis
ambientais, antes obtidas apenas através de &arduas medicbes em campo,
facilmente disponiveis. Hoje é possivel encontrar os dados ambientais e climaticos
necessarios para avaliar diferentes hipdteses com uma resolucdo temporal e
espacial antes inimaginavel (Kerr & Ostrovsky 2003). Essas novas ferramentas e o
arcabouco tedrico da macroecologia permitem um teste mais efetivo dos
diferentes mecanismos ecoldgicos e histéricos que devem explicar os gradientes
de diversidade ou riqueza de espécies (Hawkins et al. 2003, Diniz-Filho & Bini
2005).

Diante disso, houve um aumento no interesse da aplicacdo de técnicas de
analise espaciais aos problemas em ecologia e biogeografia (veja Fortin & Dale
2005; para uma revisdo recente). Isso tem sido motivado pelo ressurgimento do
interesse nos gradientes de diversidade em ampla escala e outros padrdes
macroecoldgicos, habilidade de lidar com grandes bases de dados sobre
biodiversidade, clima e geografia e aplicacdo de técnicas estatisticas mais
sofisticadas que consideram a dimensdo espacial dos dados (Keitt et al. 2002).
Esse ultimo surge do reconhecimento de que fendmenos ecoldgicos distribuidos
no espago geografico normalmente geram autocorrelagdo espacial nos dados
bioldgicos, uma questdao que pode ser vista como um “problema” que deve ser
resolvido ou uma oportunidade para entender o contexto espacial desses

fendmenos (Legendre 1993, Legendre & Legendre 1998).
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E notdrio que os efeitos da autocorrelacdo espacial sobre os testes de
significancia de analises em ecologia geografica, geram uma sub-estimativa dos
erros (Legendre 1993, Legendre & Legendre 1998, Diniz-Filho et al. 2003,
Dormann 2007). Por exemplo, quando a estrutura espacial aparece em residuos
da regressao, é um indicativo de falta de especificacdo nos modelos de regressao,
que geralmente pressupdem uma normalidade de distribuicdo e erros
independentes, com uma variancia constante (Lennon 2000, Diniz-Filho et al.
2003; para uma discussdo sobre as origens da estrutura espacial em dados de
riqueza).

Apesar da melhoria dos métodos de estatistica espacial que podem ser
aplicados aos dados macroecolégicos e biogeograficos (Lennon 2000, Lichstein et
al. 2002, Liebhold & Gurevitch 2002, Legendre et al. 2002, Diniz-Filho et al. 2003,
Hawkins & Porter 2003, Borcard et al. 2004, Diniz-Filho & Bini 2005, Bahn 2007,
Dormann 2007, Kuhn 2007, para exemplos recentes), muitos ecdlogos ainda tem
problemas em lidar com o fenémeno da autocorrelacdo espacial.
Simultaneamente, tem havido uma reac¢do crescente contra o uso da abordagem
de testes estatisticos padrdes quando aplicados aos dados com amplas escalas
espaciais em ecologia e evolugcdo, especialmente no que diz respeito aos
procedimentos de selecdo de modelos (e.g., Quinn & Dunham 1983, Cohen 1994,
Hilborne & Mangel 1997, Hobbs & Hilborne 2006, Stephens et al. 2007). Com uma
conseqiiéncia desse movimento, agora ha um aumento no numero de
pesquisadores que advogam abordagens alternativas para andlise dos dados,
incluindo métodos bayesianos e procedimentos de selecdo de modelos baseados

na teoria da informacdo (principalmente no Critério de Informacdo de Akaike,
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AIC), evitando assim, completamente a abordagem cldssica de teste de hipoteses
(veja Burham & Anderson 2002, 2004, Ellison 2004, Johnson & Omland 2004,

Richards 2005, Stephens et al. 2007).

Para ecdlogos que trabalham com dados de distribuicdo geogréfica em
grandes escalas e medidas derivadas, como riqueza de espécies, é importante
ligar essas duas discussdes (ou seja, problemas em estimar erros do tipo | na
presenca de autocorrelacdo espacial e problemas conceituais com teste de
hipdteses) e justificar uma mudanca de paradigma de teste de hipdteses para o de
selecdo de modelos sob o resguardo da teoria da informacao, como forma de lidar
com problemas de inferéncias causadas pela autocorrelagdo espacial (e.g.,

Stohlgren et al. 2005, Segurado et al. 2006).

Em decorréncia do intenso estudo e avancos metodoldgicos sobre os
padrdes de diversidade, muitas hipdteses tém surgido para explicar as origens e
manutencdo desses padrdes (e.g., Rohde 1992, Rosenzweig 1995, Gaston 2000,
Whittaker et al. 2007, Willig et al. 2003, Hawkins et al. 2003, Mittelbach et al.
2007), porém muitas dessas hipoteses falham por basearem-se em pressupostos
légicos questionaveis, por circularidade de raciocinio ou por ruptura com as
evidéncias empiricas (Rohde 1992). Certamente, a complexidade desses padrées
estd ligada a fatores de causalidade multipla, colinearidade entre as varidveis e
eventos histdricos dificeis de serem medidos e testados. Ricklefs (1973) assim
escreveu: “O padrdo latitudinal geral no numero de espécies deve estar
relacionado a algum fator climdtico, ou a combinagdo de fatores, que mudam de

forma consistente com a latitude. Vdrios fatores poderiam servir como candidatos
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adequados: temperatura média, precipitagdo anual, sazonalidade, para dizer
alguns, mas ecdlogos tém falhado em encontrar um elo convincente entre
diversidade orgdnica e padrdes no ambiente fisico”.

Atualmente costuma-se pensar em cinco grupos de hipdteses tidas como
as “mais aceitdveis” para explicar os gradientes de diversidade: clima, tempo
evolutivo, heterogeneidade de habitats, disponibilidade de drea e as restri¢cdes
geométricas (Jetz & Rahbek 2001, Whittaker et al. 2001, Willig et al. 2003). No
entanto, dentre essas varidveis, o clima tem sido mostrado consistentemente um
dos mais fortes preditores da riqueza de espécies em ampla escala espacial
(Hawkins et al. 2003).

Acredita-se que o clima (tendo temperatura como a varidvel mais
expressiva) tem influéncia direta ou indireta sobre as distribuicoes geograficas das
espécies, independentemente de processos de longa duracdo, como especiacdo e
extingdo em escala regional. Desse modo, ocorre um acumulo de espécies em
climas mais propicios. Uma das hipdteses mais discutida é a de energia ambiental.
VariagcGes espaciais na disponibilidade de energia podem afetar a riqueza de
espécies de duas maneiras: diretamente, via requerimentos fisioldgicos dos
organismos, e indiretamente, via cadeias tréficas (Wright 1983, Hawkins et al.
2003). No primeiro caso, a baixa riqueza de espécies em regides temperadas
estaria relacionada a intolerancia dos organismos as baixas temperaturas. No
segundo caso, a disponibilidade de agua e energia (“dindmica 4gua-energia”,
sensu O’Brien 1998) limita a produtividade primaria de plantas, que por sua vez,

limita a riqueza de herbivoros e assim sucessivamente ao longo da cadeia tréfica.
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Os estudos que envolvem a hipdtese de energia, Hawkins et al. (2003a)
vem sugerindo que agua e energia fornecem uma explicacdo plausivel para a
variacdo da diversidade de plantas e animais em grandes escalas. Além disso, os
autores observaram que, para a diversidade de animais, ocorre uma mudancga na
importancia relativa de energia e dgua dos pdlos em direcdo ao equador. Em
outras palavras, em regides temperadas, onde a dgua é abundante, a energia
parece ser fator limitante a diversidade. Em contrapartida, em regides tropicais
com grande disponibilidade de energia, a agua é o fator mais importante (ver
Hawkins et al. 2003). Recentes estudos tém confirmado essas conjecturas
(Rodriguez et al. 2005, Whittaker et al. 2007).

Ha pouco tempo, as hipdteses histéricas e evolutivas tém sido uma
alternativa elegante quando se tenta explicar os padroes de diversidade (e.g.,
Hawkins et al. 2005, 2006, Wiens & Donoghue 2004, Wiens et al. 2006, Donoghue
2008, Krug et al. 2008). Um dos desdobramentos dessas hipdteses sustenta que as
regioes de clima tropical sdo mais antigas que as de clima temperado e, portanto,
teriam tido mais tempo para diversificar e acumular espécies (hipotese do “tempo
para especiacao”; Stephens & Wiens 2003). O alicerce para tais sugestdes vem de
estudos que demonstram a ancestralidade tropical de muitos taxa com
distribuicdo atual em regiGes temperadas (e.g., Wiens et al. 2006). Além disso,
regides tropicais foram historicamente mais extensas, isto pode ter levado a um
aumento das taxas de diversificacdo devido a efeitos de area ou de maior
produtividade e disponibilidade de energia sobres as taxas de especiacdo e

extincdo (Chown & Gaston 2000, Mittelbach et al. 2007).
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A idéia de conservacdo do nicho ecoldgico das espécies, proposta por
Wiens & Donoghue (2004) foi proposta recentemente com o intuito de explicar
melhor tais processos evolutivos com base no tempo e 4rea de ocupacdao das
espécies. De acordo com esse modelo, o padrao de resfriamento das regioes mais
temperadas ao norte, iniciado ha mais de 30 milhdes de anos, causou uma
retracao das distribuicdes geograficas das espécies e ocorréncia de processos mais
fortes de extingdo em escala regional. As espécies que permaneceram estariam
mais adaptadas a um ambiente tropical e continuariam seu processo de
diversificagdo, e como ha uma tendéncia dos nichos se conservarem no tempo
evolutivo, essas regides tropicais teriam acumulado mais espécies (veja também
Wiens & Graham 2005, Wiens et al. 2006).

Mesmo com tantas hipdteses, a compreensdo dos mecanismos envolvidos
nos padrées de diversidade ainda é incipiente. Segundo Marquet et al. (2004), as
dificuldades em alcancar uma teoria unificada para tais padrdées se devem, em
parte, ao fato de que a riqueza é uma variavel heterogénea. Segundo esses
autores, a rigueza de espécies € uma variavel agregada, normalmente obtida por
meio da sobreposicao das extensGes de ocorréncia de diferentes espécies. Dessa
forma, ndo sdo consideradas diferencas ecoldgicas nem as variagdes nas respostas
as mudangas ambientais sob as quais as espécies estao sujeitas. Para tanto,
Marquet et al. (2004) propdem que a analise dos padrdes de riqueza de espécies
seja feita através de uma abordagem “desconstrutiva”, na qual o padrao geral é
“desmembrado” em grupos de espécies que compartilham determinadas
caracteristicas, como caracteristicas taxondmicas (p.ex. espécies de uma mesma

ordem, familia, etc), tamanho da d4rea de distribuicdo geografica (espécies
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restritas x espécies amplamente distribuidas), tamanho do corpo (espécies
pequenas x espécies grandes), e assim por diante.

Assim, apesar dos importantes avancos tedricos e metodoldgicos e de uma
vasta literatura sobre processos macroecoldgicos que regem a diversidade, um
entendimento sintético a esse respeito ainda permanece elusivo,
conseqlientemente, nenhum consenso sobre uma teoria que melhor explica esses
padrdes foi alcangado. De acordo com Gaston et al. (2008), significantes passos
em direcdo a tal sintese incluem o entendimento: (1) de diferentes tipos de
padrdes (intraespecifico, interespecifico e assembléia) e a distingdes entre eles;
(2) o unificado papel que as distribuicbes geograficas desempenham na ligacdo
dos padrbes juntamente; (3) a necessidade de futuros desenvolvimentos de
modelos que liguem diferentes tipos de caracteristicas biologicas e ecoldgicas das
espécies; (4) as implicacGes de outras questGes metodoldgicas para a natureza
dos padroes observados; (5) a natureza da generalidade de padrdes
documentados em todos os niveis e particularmente a diferenca entre a
freqliéncia com a qual os padrdes sdo documentados na literatura e a variedade

de espécies existentes.
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1.2 Origem e aspectos tedricos da teoria metabdlica da ecologia

Com base em alguns estudos sobre padrdes de distribuicdo espacial de
riqueza de espécies é possivel assumir que, em algum nivel, os padrdes de
distribuicdo podem ser relacionados a temperatura e que esta, por sua vez,
interfere no metabolismo dos individuos. Neste caso, mecanismos metabdlicos
podem ser de grande utilidade para responder varias questBes centrais na
ecologia de populagcbes e comunidades, como por exemplo, a regulacdo
populacional e o controle da coexisténcia de padroes de abundancia e diversidade
relativas das espécies (Brown et al. 2004).

A “Teoria Metabdlica da Ecologia” (Metabolic Theory of Ecology - MTE)
surgiu ha cinco anos (Brown et al. 2004), com a proposta de explicar uma
variedade de padrdes macroecoldgicos, incluindo gradientes de diversidade,
ligando processos ecoldgicos e evolutivos as taxas metabdlicas de plantas e
animais (Allen et al. 2002, 2006, Brown et al. 2004). Em geral, a riqueza de
espécies segue um padrao, aumentando em direcdo ao Equador, mas a maioria
das explicacdes sobre esse padrao é fenomenoldgica, ou seja, origina-se de
correlagbes estatisticas, cuja significancia é baseada em testes triviais de
hipdteses nulas, que ndo ha relacdo entre a riqueza de espécies e a variavel

III

“causal” hipotetizada. A recente derivagdo axiomatica da MTE fornece uma
notdvel excecdo: baseada na cinética bioquimica do metabolismo, a MTE
basicamente apresenta uma predicdo precisa quantitativa de como a riqueza de

espécies deveria variar com a temperatura ambiental: linearmente com uma

inclinacdo da reta (b) de aproximadamente -0,65 (Allen et al. 2002).
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A principal equacdao da MTE tem dois componentes: um alométrico que
relaciona o metabolismo com a massa corporal (West et al. 1999) e um
termodinamico, que estabelece a relacdo entre metabolismo e temperatura
(Gillooly et al. 2001). Neste trabalho, nés enfatizamos seu componente
termodinamico, expresso na seguinte equagao:

Ln(S) = 1/kT
Onde, S é a riqueza de espécies, k é a constante de Boltzmann (8,62 x 10°eVK?), eTéa
temperatura do ambiente em graus Kelvin.

Allen et al. (2002) propuseram que os padrdes de riqueza de espécies em
amplas escalas espaciais resultariam da dependéncia das taxas metabdlicas
individuais em relagao a temperatura. Esta hipétese metabdlica é uma parte da
teoria metabdlica da ecologia proposta por Brown et al. (2004), que é baseada em
dois padrdes: a taxa metabdlica depende da temperatura (e.g., Gilloly et al. 2001)
e a equivaléncia energética populacional (Damuth 1981, Enquist et al. 1998).
Assumindo que a temperatura corporal dos ectotérmicos é semelhante a
temperatura ambiental, a hipdtese metabdlica prediz uma correlagdao positiva
entre a temperatura e a riqueza de espécies pelos seguintes mecanismos: como a
temperatura do corpo aumenta, também aumenta a taxa metabdlica, resultando
em alto uso de energia por individuo. Assim sendo, quando a energia da
populacdo permanece constante, menos individuos podem ser mantidos em uma
populacdo, ou seja, a capacidade suporte é reduzida (Brown et al. 2004).
Considerando que o numero total de individuos em uma comunidade permaneca
constante ao longo do espaco geografico, o resultado é uma maior riqueza de

espécies em regides mais quentes.
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A hipdtese de Allen et al. (2002) ndo prediz meramente um aumento na
riqueza de espécies em direcdo aos trépicos, mas usa o fator de Boltzmann (e'E/kT,
onde E é a energia de ativacdo do metabolismo, k é a constante de Boltzmanne T
é a temperatura do ambiente em graus Kelvin) para predizer com mais precisdo a
forma da relagdo temperatura-riqueza de espécies. Mais especificamente, a
hipétese de Allen et al. (2002) prediz que, para organismos ectotérmicos, o
logaritmo natural da riqueza de espécies aumentara conforme a fungao linear de
1000/T, com uma inclinacdo da reta de -£/1000k ou -9. Essa pode ser rearranjada
e expressada como uma funcdo de 1/kT, sendo essa a forma mais usada na teoria
metabdlica (Brown et al. 2004), resultando em uma curva predita de —E, ou -0,78,
podendo esta variar entre -0,6 e -0,7. No entanto, essa relacdo ndo é esperada
para endotérmicos, pois a sua taxa metabdlica ndo varia necessariamente com a
temperatura, como ocorre para os ectotérmicos (Allen et al. 2002).

Portanto, a predicdo da MTE sobre a variacdo latitudinal na riqueza de
espécies conforme a temperatura, possui alguns pressupostos basicos, ou seja, ela
se aplicam somente a (i) grupos de organismos ectotérmicos, (ii) com niveis mais
altos de organizacdo (i.e. alta diversidade taxondmica) e (iii) cujo tamanho do
corpo e abundancia ndo apresentem variacdo espacial (Allen et al. 2002, Brown et
al. 2004). A violacdo de qualquer um dos pressupostos acima pode resultar em
valores de b diferentes do predito pela teoria metabdlica. Avaliar
guantitativamente se a magnitude dos desvios do b predito pela MTE para a
relacdo entre riqueza e temperatura é decorrente de violagdes dos pressupostos é
um importante quesito para o desenvolvimento e sucesso dessa teoria na

ecologia.
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Cada vez mais estdo surgindo avaliacdes empiricas de como os padrdes
observados de rigueza se ajustam as predicdes centrais da MTE (Allen et al. 2002,
Kaspari et al. 2004, Hunt et al. 2005, Roy et al. 2006, Algar et al. 2007), mas, por
enguanto, nenhum se prop0s a testar todos os pressupostos citados acima. Além
disso, como opositores da MTE tém argumentado, esta considera gradientes de
diversidade numa variacdo muito grande de escalas (de montanha a continente,
inclusive gradientes globais), além de poder ser aplicada em muitos grupos
ectotérmicos (Allen et al. 2002, Brown et al. 2004), por isso se faz necessario
testar a generalidade das predicdes da teoria para atestar sua solidez.

A despeito disso, muito se tem debatido sobre as violagdes nos
pressupostos da teoria e as falhas que esta apresenta em relacdo as andlises
estatisticas sugeridas por seus fundadores. Por exemplo, a proposta inicial para se
testar a MTE ndo considera o problema da autocorrelacdo espacial, quando se
sugere o uso de estatistica ndo espacial, através da regressao linear simples (OLS)
para encontrar o valor de b predito pela teoria. Dessa forma, o teste de hipdteses
pode ser enviesado, assim é necessario adotar uma abordagem de regressdo
espacial para testar a hipotese de um valor particular da inclinacdo da reta da
regressao. Além disso, tanto a regressdo ndo-espacial (e.g., OLS) quanto a espacial
(e.g., modelos auto-regressivos) assume que a relacdo entre as variaveis resposta
e as preditoras se aplicam igualmente a toda 4rea de estudo (estacionaridade
espacial) e assim, fornece uma “média” da area toda. Portanto, embora a violacdo
do pressuposto de estacionaridade na regressdo espacial possa criar dificuldades

em generalizar seus resultados, a aplicacdo de modelos que incorporem a nao-
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estacionaridade dos dados pode ser util para revelar estruturas espaciais mais
complexas quando testamos as predicGes da MTE (Jetz et al. 2005, Foody 2004).

Embora controversa em varios aspectos (e.g., Cyr & Walker 2004, Koehl &
Wolcott 2004, Sterner 2004, Whitfield 2004, Muller-Landau et al. 2006, van der
Meer 2006, Cassemiro et al. 2007a, b, del Rio 2008), a teoria metabdlica da
ecologia difere das demais por fazer predicdes precisas sobre a relacao entre os
padrdes em ampla escala de riqueza de espécies e propde uma variavel ambiental
que influencia esses padrdes, a temperatura.

Mais recentemente, Allen et al. (2006) propuseram uma derivacdo do modelo
metabdlico, integrando as taxas evolutivas com a teoria metabdlica, usando
modelos de genética de populagdes para predizer como a temperatura influencia
as taxas de divergéncia genética entre populagdes e as taxas de especiacdo. Esse
modelo prediz que as taxas de especiacdo aumentam em dire¢do aos tropicos e
propOe que as taxas metabdlicas dos individuos sdo as principais determinantes
das taxas evolutivas. Adicionalmente, Allen & Gillooly (2009) propuseram integrar
a teoria metabdlica da ecologia, conceitos basicos da teoria estoquiométrica da
ecologia (Sterner & Elser 2002), que foca a importancia da disponibilidade de
elementos para os processos ecoldgicos. Dessa forma, a integracao dessas duas
teorias procura entender melhor como a energia e a disponibilidade de
nutrientes, combinados aos processos que operam em nivel individual, podem
afetar o fluxo, a armazenagem e a disponibilidade de nutrientes nos ecossistemas.

Sobretudo, as predigdes quantitativas da hipdtese metabdlica para riqueza de
ectotérmicos permitem rigorosos testes do mecanismo proposto, pois tanto a

dependéncia da taxa metabodlica e a equivaléncia energética em relagdo a
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temperatura, aplicam-se a organismos que ocupam uma ampla distribuicdo
geografica (Enquist et al. 1998, Gillooly et al. 2001). Os anfibios, por exemplo,
garatem todos os pressupostos para se testar a hipétese metabdlica, pois, além
de serem ectotérmicos, possuem uma ampla distribuicdo geografica. Logo, a
hipotese metabdlica, se correta, poderd dirigir os estudos sobre a riqueza de
espécies de taxa ectotérmicos, como os anfibios, a despeito das diferencas na

histdria evolutiva e/ou requerimento de habitats.

2 OBIJETIVOS

Este trabalho tem como objetivo geral estudar o padrao espacial de riqueza
de espécies de anfibios no Novo Mundo, sendo que, especificamente, os objetivos
deste trabalho sao:

e Testar a predicdo da hipdtese metabdlica de que o logaritmo natural da
riqueza de espécies é fungdo linear do inverso da constante de Boltzmann vezes a
temperatura (1/kT), ajustando um coeficiente angular entre -0,6 e -0,7;

e Investigar em qual regido do Novo Mundo as predi¢cdes da MTE melhor se
ajustam;

e Avaliar problemas metodolégicos que existem no teste da teoria
metabdlica, especialmente a questdo da autocorrelacdo espacial, que perturba a
avaliacdo da probabilidade exata de erro tipo | dos coeficientes de regressao, em
relacdo a uma hipdtese previamente especificada, bem como o tipo de modelo de

regressao a ser utilizado e modelos alternativos de teste de hipdteses;
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e Examinar se as taxas de especiacdo aumentam em direcdo aos trdpicos e
que a taxa metabdlica individual é o principal determinante das taxas evolutivas;

* Verificar se as predigdes da teoria metabdlica se ajustam melhor aos
grupos de anfibios mais diversificados (maior riqueza de espécies) e com nivel
organizacional mais alto (p. ex. classe e ordem);

e Analisar se existem condicGes especificas, como dominio geografico,
tamanho do corpo ou estrutura espacial nos dados de subgrupos de anfibios, nas
guais a hipétese metabdlica seja capaz de predizer, ao menos em parte, o padrao
espacial de riqueza de espécies;

e Avaliar se violagbes nos pressupostos da MTE (invaridncia espacial do
tamanho do corpo e grupos amplamente definidos) afetam a capacidade de

predizer a relagdo correta entre temperatura e riqueza de espécies.
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3 METODOLOGIA

3.1 Dados das espécies: mapas de extensdo de ocorréncia, tamanho do corpo
e filogenia

Para as analises, foram consideradas as distribuicdes geograficas
(extensOes de ocorréncia) de 3019 espécies de anfibios no Novo Mundo, obtidas
através da base de dados do Global Amphibian Assessment (GAA - veja IUCN et al.
2008, disponivel em http://www.natureserve.org). No entanto, no quarto
trabalho (Apéndice 4) foi utilizado dados de somente 1344 espécies de anfibios,
pois foram consideradas as espécies com uma maior distribuicdo espacial, que
ocuparam pelo menos 50% de cada célula do mapa, excluindo todas aquelas cujo
dados se restringiam a pontos de ocorréncia. Em andlises macroecoldgicas esse
critério faz mais sentido, pois espécies com ocorréncias pontuais podem ser uma
consequéncia de artificios amostrais, produzindo “outliers” e fornecendo
resultados espurios. No caso desse trabalho, verificou-se que ao retirar essas
espécies pontuais, nenhuma diferenca significativa foi observada quando os
resultados dos demais trabalhos foram comparados. Isso pode ser devido a
grande quantidade de dados.

A distribuicao de espécies de anfibios foi gerada por meio da construcao
de uma malha geografica regular geo-referenciada. O Novo Mundo foi dividido em
4187 células (de 1° de longitude e latitude). A escolha dessa resolucdo foi baseada
em recentes estudos que mostram que células de tamanho intermediario (i.e.,
maiores que 1° e menores que 2° de latitude x longitude) ndo s3o nem

demasiadamente grosseiras a ponto de causar perda de informacdes ou falsas
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extrapolacbes, nem demasiadamente “finas” para causar descontinuidades nos
padrdes investigados, assim sendo, a resolucdo mais indicada para analises
macroecodlogicas (Hulbert & Jetz 2007). Além disso, células de regidoes costeiras
com menos de 50% de area continental e as de regides insulares foram excluidas
das analises, evitando assim possiveis efeitos de area.

Com a malha geografica, uma matriz binaria de presenca (1) e auséncia (0)
das espécies de anfibios foi construida com base nos poligonos de extensao de
ocorréncia. A riqueza total de espécies de anfibios nas células foi calculada pelo
somatdrio do numero de espécies presentes em cada uma das células. Todos os
mapas de extensao de ocorréncia foram digitalizados no ArcView 3.2.

A filogenia, calibrada pelo tempo, de 92 espécies da familia Hylidae (Wiens
et al. 2006) foi usada para estimar as taxas de extincdo e especiacao.

Os tamanhos do corpo de 289 espécies foram extraidos da base de dados
Amphibiaweb e da nossa prépria base de dados neotropical (2008; veja também
Olalla-Tarraga et al. 2009). Foi usado o comprimento rostro-cloacal (mm) para
Anura e comprimento total (mm) para Caudata e Gymnophiona. No caso de
dimorfismo sexual, foi usado o comprimento da fémea. Devido a distribuicdo do
tamanho corporeo ser frequentemente assimétrica para direita, médias
aritméticas sdo fortemente influenciadas pela presenca de espécies grandes,
assim foram calculadas as médias do tamanho corpdéreo apds transformagao
logaritmica (daqui em diante denominada de média do tamanho do corpo) para

todas as espécies de cada grupo taxonémico.
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3.2 Dados Ambientais

Uma vez que a hipdtese metabdlica de riqueza de espécies utiliza
temperatura local, como sendo a varidvel climatica de descricdo ambiental,
estimativas mensais de temperatura entre 1961 até 1990 foram obtidas de New
et al. (1999), e calculada a média anual, também em formato de sistema de
informacdo geografica com resolucdo espacial de 0.5° x 0.5° (latitude x longitude)
e re-projetada para a malha regular utilizada neste trabalho (1° x 1°). O mesmo
esquema foi utilizado para testar outras variaveis como preditoras da riqueza de
espécies de anfibios: precipitacdo anual (PREC), evapotranspiracdo real anual
(AET), elevacao (ELEV), evapotranspiracao potencial anual (PET), umidade relativa

média (HUM), produtividade primdria bruta (NPP) (New et al. 1999).

3.3 Andlise espacial

Primeiramente, analisou-se o efeito da temperatura sobre a riqueza de
espécies, seguindo o protocolo analitico proposto por Allen et al. (2002) e Brown
et al. (2004). A idéia de aplicar a MTE para avaliar o gradiente de riqueza é que ao
plotar o logaritmo da riqueza de espécies de organismos ectotérmicos contra a
temperatura ambiental dard uma especifica inclinacdo da reta da regressao (b), a
qual foi derivada baseada no primeiro principio da termodinamica e cinética
bioquimica em nivel celular. Desta forma, testar essa predicdao particular da teoria
metabdlica representa a aplicagao classica do teste de hipoteses em ecologia
geografica. Temperatura é dada como 1/kT, onde a temperatura (T) é expressada

em graus Kelvin e k é a constante de Boltzmann (em eV, igual a 8,62 x 10'5) ea
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inclinacdo da reta predita deve ser entre -0,6 e -0,7 (Brown et al. 2004, mas veja
também Evans & Gaston 2005), quando aplicado com um modelo de regressao
linear simples (OLS — ordinary least square regression).

No entanto, dados geograficos medidos em malhas regulares, como por
exemplo, a riqueza de espécies, calculados através de mapas de extensao de
ocorréncia, sao quase sempre fortemente autocorrelacionados espacialmente
(Legendre et al. 2002, Diniz-Filho et al. 2003). Desta forma, a significancia
estatistica dos coeficientes de regressao é frequentemente sobreestimada. Assim,
sob forte autocorrelagao positiva em curtas distancias, o numero de graus de
liberdade é inflado e o teste estatistico se torna muito liberal. Portanto, o teste de
hipéteses do modelo OLS pode ser enviesado e é necessario adotar uma
abordagem de regressdo espacialmente explicita para testar melhor a hipdtese
sobre um valor especifico da inclinacdo da reta da regressao.

Para lidar com esse efeito, foi usado o modelo GWR (Geographically
Weighted Regression), que estima os pardmetros da regressdo para cada
localidade (célula) (Fotheringham et al. 2002) (Apéndices 1 e 4). Dessa forma, os
valores da inclinagdo da reta podem ser mapeados e usados para investigar como
esses variam ao longo do espaco geografico e, assim, identificar em qual regido do
mapa as predicdes da MTE melhor se ajustam.

Além desse modelo de regressdo, foi utilizado também um modelo de
regressao espacial auto-regressivo, (especificamente utilizou-se o SAR -
simultaneous autoregressive) (Apéndice 2). Ao contrdrio dos modelos tradicionais
de regressdao (OLS), esse modelo permite levar em conta a estruturacdo do

componente espacial e estimar corretamente os coeficientes da andlise de
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regressao, bem como o correto intervalo de confianca para cada um desses
coeficientes. Dessa forma, se o intervalo de confianca da inclinacdo da reta da
regressao linear entre riqueza de espécies e temperatura (transformada de
acordo com a predicdao original da hipdtese metabdlica) abarcar o angulo
esperado, o teste corroborara a hipotese.

A probabilidade dos resultados diante de multiplos modelos tem sido
avaliada através da teoria da informacdo, uma abordagem totalmente diferente
do teste de hipdtese classico, cuja escolha do melhor modelo se baseia no critério
de Akaike (AIC). Com o objetivo de avaliar se a temperatura é, entre outras
variaveis climatico/ambientais (ver Apéndice 2), uma boa preditora da riqueza de
espécies, foi utilizada a abordagem de selecdo de modelos (Burham & Anderson
2002).

As taxas de extin¢do e especiacdo foram estimadas utilizando a abordagem
da “linhagem-através-do-tempo” (lineage-through-time - LTT; Harvey et al. 1994,
Nee et al. 1994, Rickefs 2006), a qual é construida retrospectivamente da arvore
filogenética contando-se o numero de linhagens ancestrais até o presente
momento (Nee et al. 1992, Nee et al. 1994, Baldwin & Sanderson 1998) (Apéndice
3). Uma vez obtidas, as taxas evolutivas foram plotadas contra a temperatura
ambiental (1/kT) para testar a hipdtese de que a as taxas evolutivas aumentam
exponencialmente com a temperatura, como proposto por Allen et al. (2006).
Entretanto, quando se realiza uma analise do tipo LTT para células assume-se que
as espécies estdao presentes em todas as células com suas diversificagdes, quando
na realidade n3o estdo. Assim, na tentativa de minimizar erros ao estimar as taxas

evolutivas foram consideradas regides ao invés de células. Entdo dados de 2391
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células foram usados para dividir as assembléias de hilideos em 20 regides ao
longo do Novo Mundo, assim diminuindo o efeito da autocorrelacdo espacial e
permitindo um teste mais robusto dos efeitos da temperatura sobre as taxas
evolutivas. Para delinear essas regioes foi empregada a analise de cluster K-means
(Legendre & Legendre 1998) usando a matriz de presenca-auséncia de 92 espécies
de hilideos que ocorrem nas células do mapa. Desta forma, os dados de riqueza
de espécies também foram agrupados por regides (pool de espécies) e em seguida
foram plotados contra a temperatura média (1/kT) calculada por regido (Apéndice
3).

Com o objetivo de avaliar se a MTE é melhor preditora da riqueza de
espécies em niveis organizacionais mais altos (p.ex., Classe e Ordem), as espécies
foram desmembradas em varios grupos taxonomicos. Dessa forma, analisou-se
independentemente o efeito da temperatura sobre a riqueza de espécies de cada
grupo (Classe, Ordem, Familia e Género), através da regressao OLS (ver Apéndice
4). Nesse sentido, também foi testado o pressuposto de invaridncia espacial do
tamanho do corpo através da andlise de tendéncia de superficie (“Trend Surface
Analysis” - TSA; Wartenberg 1985).

Por fim, avaliou-se quantitativamente se a magnitude dos desvios do valor
de b, esperado pela MTE, para a relacdo entre riqgueza de espécies e temperatura
é uma funcdo das violagdes nos pressupostos no modelo de Allen et al. (2002).
Isso foi testado através de regressdo linear simples (OLS) e multipla, nas quais os
valores de b encontrados para as dez maiores familias de anfibios foram plotados

contra cinco varidveis explanatdrias (média do tamanho do corpo, estrutura
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espacial do tamanho do corpo (? da TSA), riqueza de espécies, AlCois-gwr €
temperatura média).

Todas as analises relacionadas a riqueza de espécies e tamanho do corpo
foram feitas com auxilio do programa de analise espacial em macroecologia (SAM

— Spatial Analysis in Macroecology), versao 3.0 (Rangel et al. 2006).
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4 RESULTADOS E DISCUSSAO

4.1 Ndo-estacionariedade, gradientes de diversidade e a teoria metabdlica da
ecologia (Apéndice 1)

A riqueza de espécies de anfibios no Novo Mundo apresentou-se mais alta
nos tropicos (Figura 1A), e o valor observado para a inclinagdo da reta (-0,686)
coincide perfeitamente com as predicdes da MTE (Figura 1B). A relacdo entre
riqueza de espécies e temperatura apresentou um coeficiente de determinagao
alto (r* = 0,835), apesar do modelo de regress3o linear n3o ser o mais adequado
estatisticamente para descrever os dados. Embora os intervalos de confianga
sejam sobreestimados, devido a forte autocorrelacdo espacial nos dados, a
relacdo permaneceu significativa mesmo apds a correcao dos graus de liberdade,
usando o procedimento de Dutilleul (1993) (r = -0,914; DF = 9,45; P < 0,01; veja
também Hawkins et al. 2007a).

No entanto, quando aplicado o modelo autorregressivo simultaneo (SAR),
houve uma mudanca no valor da inclinagio da reta (-0,514 + 0,011), e o /* caiu
para 0,127. Essas diferencas entre os modelos OLS e SAR indicam que estruturas
espaciais possivelmente estdo sendo mascaradas em escalas distintas, assim como
pode haver variagdes nos valores da inclinacdo da reta em diferentes regides

(Diniz-Filho et al. 2003).
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Figura 1 (A) Padrdo espacial da riqueza de espécies (In) de anfibios no Novo Mundo; (B)
Relagdo entre riqueza de espécies de anfibios (In) e temperatura para o Novo Mundo. A
temperatura é expressa como 1/kT, onde k é a constante de Boltzman e T é a temperatura

média em graus Kelvin.

Quando se aplicou a GWR (Fotheringham et al. 2002) para detectar a ndo-
estacionaridade na relacdo entre riqueza e temperatura, houve uma melhora em
relacio ao modelo OLS (* do GWR igual a 0,914 e F = 25,36) e uma alta ndo-
estacionaridade na relagao foi constatada. Além disso, valores locais da inclinacao
da reta do In-riqueza contra 1/kT variaram entre -1,33 e +0,97 ao longo do Novo
Mundo, com uma média de -0,64 (Figura 2A). Sendo que as latitudes medianas da
América do Norte apresentaram um bom ajuste as predicdes da MTE. No
hemisfério norte, tanto o poder de explicacdo quanto os valores da inclinacao da
reta aumentaram quase continuamente em direcdo as latitudes mais altas (Figura
2B), apresentando uma curvilinearidade, corroborando com os resultados de

Algar et al. (2007) encontrados nessa regidgo. Ademais, os residuos do GWR ndo
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mostraram autocorrelacdo espacial (/ de Moran na primeira classe de distancia foi
igual a 0,073; Diniz-Filho et al. 2003), embora tenha apresentado valores mais

altos, agrupados ao longo de montanhas e costas (Figura 2C).

A) B)

-
r2 Residuos - *

0,91-0.5 256 --1.31

0.51-06 < '
1.31--057 ;
0.6-067 -0.57 - -0.31 g
-0.71 - -0. 0.67-0.73 031--013
0.57--04 1 0.73-0.79 -0.13-0.02 }
Bl 04-023 [ 079-0.84 B 0.02-0.15 4
I -0.23--004 I 0.84-0.88 I 0.15-0.31 L
I 0.04-0.21 ] I 0.88-0.91 =gglggg -
I 021-054 Y B 091-0.95 R

I 054 -097 I 0.95-098

Figura 2 Padrdes da variagdao espacial nos parametros da regressdo da relacdo entre In- riqueza
de espécies de anfibios e 1/kT. (A) Valores da inclinagdo da reta (b); (B) ajuste do modelo (r’) e
(C) residuos do GWR.

Em geral, variacOes estruturadas espacialmente sob o efeito de multiplos
preditores pode ser a causa da ndo-estacionaridade na relacdo testada neste
trabalho. Além disso, a ndo-linearidade e a relacdo espacialmente estruturada
entre as varidveis energéticas que regem a diversidade e temperatura (Clarke &
Gaston 2006) pode ser parte da explicacdo para a nao-estacionaridade. Dessa
forma, um modelo GWR que usa multiplas varidveis preditoras poderia ser usado
para futuras investigacdes sobre as causas dessa ndo-estacionaridade.

Os resultados encontrados pela analise GWR para os anfibios do Novo
Mundo, suporta fortemente a conclusdo de Algar et al. (2007) que a MTE gera

ajustes variaveis em diferentes regides, com melhores ajustes na América do
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Norte. Essa relacdo curvilinear pode ser atribuida a auséncia de importantes
componentes ecolégicos no modelo de Allen et al. (2002) ou por causa da violacado
nos pressupostos de abundancia constante e tamanho do corpo. Além disso,
nossa analise GWR mostrou que, mesmo quando a relacdo é linear, consistente
com a MTE, ela pode esconder a ndo-estacionaridade e padrdes mais complexos
de variacdao espacial nas respostas de riqueza a temperatura, criando uma falha

nas predi¢gdes simples de Allen et al. (2002; veja também Hawkins et al. 2007b).

4.2 Autocorrelagdo espacial, selecdo de modelos e teste de hipdteses:
implicagdes para testar a teoria metabdlica em anfibios do Novo Mundo
(Apéndice 2)

Como no trabalho anterior, o valor de b encontrado (-0,686; /Cgss, = -0,63 -
-0,742; * = 0,835), se ajusta a predicGes da MTE (Figura 1b). No entanto,
observou-se uma forte autocorrelacdo espacial nos dados para a primeira classe
de distancia geogréfica (0 — 463 km), com um coeficiente de / de Moran igual a
0,427. Isso sugere a aplicacdao de um modelo de regressao espacial, ou seja, que
considere o problema da autocorrelagdo nos dados. Diante disso, a aplicacdo do
modelo SAR é mais adequada para analise desses dados, pois seus residuos sdo
menos autocorrelacionados espacialmente. Nesse sentido, o modelo SAR piorou o
ajuste do modelo (? = 0,087), apresentando o valor de -0,354 para a inclinacdo da
reta (/Cos% = -0,331 - -0,377), sendo menos consistente com a teoria metabdlica do
gue o modelo OLS.

A literatura estatistica recomenda o uso da regressao espacial na presenca

de forte autocorrelacdo nos dados para um teste mais robusto (Diniz-Filho et al.
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2003, Hawkins et al. 2007c). Como Allen et al. (2002) ndo considerou esse
problema, pode-se dizer que a MTE ndo tem muito suporte quando se usa um
modelo mais adequado, que considera o problema da autocorrelagcao espacial.

A diferenca dos valores da inclinacdo da reta dos modelos SAR e OLS pode
ser explicada, em grande parte, pela estrutura da covariacdo espacial encontrada
tanto nos dados de temperatura quanto nos de riqueza de espécies (bem como o
problema da ndo estacionaridade; veja Cassemiro et al. 2007a). Isso nos auxilia a
entender sobre a necessidade de avaliar simultaneamente o efeito da
temperatura e outras varidveis preditoras, no contexto da teoria metabdlica,
enfatizando a importancia da comparagao de modelos multiplos que incorporam
diferentes conjuntos de varidveis preditoras.

A correlagdo entre os valores de AAIC dos modelos SAR e OLS foi alta (r =
0,907), sugerindo uma similar sequéncia hierdrquica entre os modelos
alternativos gerados pelos modelos de regressdao espacial e ndo-espacial. Além
disso, tanto no SAR quanto OLS, os modelos com todas as varidveis preditoras
(TEMP, NPP, PET, AET, PREC, ELEV e HUM) foram retidos como os melhores
modelos (i.e., AAIC = 0) (Tabela 1). Os outros modelos apresentaram valores de
AAIC muito altos, portanto, sem explicagbes parcimoniosas para a riqueza de
espécies, sugerindo que a temperatura ndo é a Unica variavel que prediz os

padrdes de rigueza.
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Tabela 1 Resultados da sele¢do de modelos baseados nos valores de AIC calculados através dos
modelos de regressao linear simples (OLS) e simultaneo autorregressivo (SAR), incluindo os valores
de AAIC e os pesos padronizados de Akaike (w). O melhor modelo de cada abordagem estd em
negrito. O valor de / refere-se ao coeficiente de autocorrelacdo de / de Moran nos residuos da OLS, na

primeira classe de distancia geografica (0-463 km).

SAR OLS
AAIC w AAIC w /
AET,PET 3577.641 0.00 3567.873  0.00 0.57
AET,PREC 3 577.641 0.00 4319.985 0.00 0.657
PET,PREC 3618.091 0.00 3571.938 0.00 0.58
AET,PET,PREC 3618.091 0.00 3465.549 0.00 0.593
AET,NPP 3335.788 0.00 4305.343 0.00 0.666
NPP,PET 3776.86 0.00 3278.093 0.00 0.565
NPP,PREC 3752.266 0.00 5516.111 0.00 0.681
AET,PET,NPP 3312.15 0.00 3242.638 0.00 0.586
AET,PET,NPP,PREC 3148.682 0.00 3200.8 0.00 0.601
TEMPAET 2190.009 0.00 856.033 0.00 0.452
TEMPPET 2382.434 0.00 1985.884 0.00 0.451
TEMP,AET,PET 1193.59 0.00 135.422 0.00 0.403
TEMPPREC 2070.23 0.00 880.629 0.00 0.443
TEMPAET ,PET,PREC 1130.787 0.00 82.592 0.00 0.405
TEMPNPP 2179.02 0.00 752.755 0.00 0.418
TEMPNPP,PET,AET 1060.516 0.00 74.412 0.00 0416
TEMPNPP,PET,AET,PREC 1003.775 0.00 40.941 0.00 0.417
TEMPNPP,PET,AET,PREC,ELEV,HUM 0 1 0 1 0.431
TEMPHUM 2496.984 0.00 1472.458 0.00 0.402
TEMPHUM,AET,PET 1192.57 0.00 136.677 0.00 0.402
TEMPELEV 1521.546 0.00 1975.022 0.00 0.444
HUM,ELEV 4739.809 0.00 9133.797 0.00 0.801
ELEV,PREC 4010.902 0.00 5685.369 0.00 0.616

Ao comparar os valores de AAIC obtidos pelas regressdes SAR e OLS com

os modelos alternativos, verificou-se que os valores mais baixos foram
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encontrados na regressdo OLS, assim como em outros estudos (veja Kuhn 2007).
Esses valores mais baixos da OLS quando comparados ao SAR se devem ao fato de
gue a regressao OLS ndo considera a estrutura espacial. Realmente, todos os
modelos OLS contem uma significativa autocorrelacdo espacial na primeira classe
de distancia (Tabela 1), portanto, eles ndo sdo modelos de maxima
verossimilhanga porque os residuos nao sao independentes. Dessa forma, essa
incerteza aparentemente mais baixa nao deveria ser vista como uma vantagem da
OLS sobre o modelo espacial.

Houve uma diferenga nos valores do coeficiente de regressao para a
temperatura no melhor modelo selecionado. Usando o AIC, os valores foram -
0,496 para SAR e -0,668 para OLS, ao passo que o coeficiente da regressao
padronizado foi de -0,66 no SAR e -0,889 na OLS (Tabela 2). A temperatura foi a
varidvel com o coeficiente padronizado mais alto, seguida por AET e RELEV,
embora o melhor coeficiente estimado pelo SAR tenha sido menor do que o

esperado pela MTE.
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Tabela 2 Coeficientes lineares (b) das regressoes SAR e OLS da riqueza de espécies (In) no

Novo Mundo sobre sete variaveis ambientais.

SAR OLS
b Padronizado b Erro Padréo ! P b Padronizado b Erro Padrao 1 P
AET 0.204 0.009 <0.001 12.874 <0.001 0.36 0.015 <0.001 19.005 <0.001
PET -0.018 -0.004 <0.001 -6.162  <0.001 -0.364 -0.014 <0.001 -19.256 <0.001
PREC 0.073 0.05 0.007 7.466  <0.001 0.06 0.041 0.008 5.082  <0.001
HUM 0.093 0.009 0.001 7.821 <0.001 0.019 0.002 0.001 1.946 0.052
ELEV 0.165 <0.001 <0.001 18.088 <0.001 0.044 <0.001 <0.001 6.331 <0.001
NPP 0.041 0.199 0.028 7.073 <0.001 0.072 0.345 0.047 7.286  <0.001
TEMP -0.66 -0.496 0.017 -28.232  <0.001 -0.889 -0.668 0.013 -50.335 <0.001

Por causa do alto AAIC nos modelos, os pesos de Akaike (w;) ndo foram
dispersos entre si, sugerindo uma consideravel certeza na decisdo do melhor
modelo. Certamente o modelo com AAIC igual a zero foi o melhor modelo no SAR
e OLS. Essa auséncia de variacdo nos valores do AAIC e no peso de Akaike (w;)
pode ser atribuida a grande quantidade de dados. De acordo com Richards (2005),
modelos que ranqueiam o AIC dependem da quantidade dos dados, sendo que
modelos mais simples geralmente possuem o melhor ranqueamento quando os
dados sdo escassos. Por outro lado, modelos mais complexos em geral melhoram
0 ranqueamento quanto maior for a quantidade de dados. O mesmo autor
também afirma que quanto mais dados forem coletados, menor a probabilidade
de um simples modelo ser julgado como o melhor de acordo com o AIC.

Para o entendimento das predicGes da teoria metabdlica num contexto
multivariado, a abordagem de selecdo de modelos parece ser a melhor forma de

avaliar a importancia de multiplos preditores sobre a riqueza de espécies. Nossas
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analises baseadas nos modelos OLS e SAR sugerem que a temperatura é de
grande importancia para a riqueza de espécies de anfibios do Novo Mundo,
embora os coeficientes do SAR, no modelo de regressao multipla, também nao
tenham representada um suporte direto para a teoria metabdlica as violagdes de
pressupostos, como, por exemplo, a variacdo espacial do tamanho do corpo e da
abundancia (Hawkins et al. 2007b). Além disso, é importante notar que muitas
espécies de anfibios tém a capacidade de termorregulagao (Hutchinson & Dupré
1992), portanto muitas espécies neste estudo podem ser verdadeiros
ectotérmicos, como requerimento para um bom teste da MTE. Por conseguinte,
este estudo fornece a base para futuros refinamentos na teoria considerando a
fisiologia das espécies, bem como a natureza multivariada e a multi-escala das

explicacGes causais para a riqueza de espécies.
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4.3 A teoria metabdlica da ecologia e as taxas evolutivas de anfibios hilideos
do Novo Mundo

As regides oeste e leste dos E.U.A., leste do Brasil, juntamente com a
regido dos Andes e norte da América do Sul, foram as que se destacaram com
maior riqueza de espécies de hilideos (Fig. 3A). No entanto, esse padrdo de
riqueza pode ser produzido quando se considera grandes regides e ndo células no
mapa, extrapolando, assim, o niumero de espécies presentes num determinado
local para a regido toda. Isto pode explicar a expressiva riqueza de hilideos na
América do Norte. Contudo, é sabido que nas regibes temperadas sdo
encontrados muitos clados basais de hilideos (Smith 2005), o que pode ter
contribuido para uma maior riqueza nessas regioes.

A relacdo entre riqueza de espécies e temperatura foi positiva, com o valor
da inclinagdo da reta de 0,417 (Fig. 4). A temperatura (1/kT) explicou 68,5% da
variacdo no logaritmo da riqueza de espécies (P < 0,001). Apesar da temperatura
explicar uma grande parte da variacdo da riqueza de espécies, o valor da
inclinagdao da reta apresentou-se longe do predito pela teoria metabdlica. Esses
resultados revelam que para hilideos a riqueza de espécies aumenta com a
diminuicdo da temperatura, seguindo um padrdo diferente do proposto pela
teoria metabdlica. De acordo com Hawkins et al. (20073, b), a temperatura ndo é
uma boa variavel para predizer a riqueza de espécies em baixas latitudes, onde ha
uma maior quantidade de energia, enquanto que nas latitudes mais altas, a
energia (tendo temperatura como sua variavel mais expressiva) € uma das
varidveis mais importantes que rege a biodiversidade (Hawkins et al. 2003,

Whittaker et al. 2007).
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Figura 3 (A) Padrao espacial da riqueza dos hilideos no Novo Mundo (pool de espécies);
(B) Padrdo espacial dos valores da inclinagdo da reta (b) na relagdo entre nimeros de
linhagem e tempo; (C) Padrdo espacial das taxas de especia¢do (primeira ocorréncia da

espécie Ma™) e (D) Taxas de extincdo (Espécies Ma™).
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Figura 4 Rela¢do entre temperatura e rigueza de hilideos no Novo Mundo.

As taxas de especiacdo e extingdo (Fig. 3C, D) ndo apresentaram um claro
gradiente geografico, com picos de diversificacdo na costa oeste dos E.U.A. e na
regido amazonica. Tanto as taxas de extingcdo quanto as de especiacdo foram um
pouco mais altas nos E.U.A. e na Amazo6nia (corroborando a falta de um gradiente
latitudinal linear) (Fig. 3C, D). Essas taxas ndo estdo relacionadas com a
temperatura (1/kT) (para as taxas de especia¢do: r? =0,006, b = 0,062, P = 0,734,

(Fig. 5A, B); e para exting¢do r?= 0,006, b = 0,061, P = 0,744).
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Figura 5 (A) Inclinagdo da reta (b) da relagdo entre riqueza de espécies e taxas de
especiacdo (primeira ocorréncia das espécies Ma™) em funcdo da temperatura (1/k7); (B)

Relacdo entre In-taxas de especiacdo e temperatura (1/kT).

Portanto, nossos resultados claramente mostram que o modelo de Allen et
al. (2006) ndo se aplica aos hilideos. Wiens et al. (2006) examinou ranideos e
também ndo encontrou suporte para a hipdtese que atribui taxas mais altas de
especiacdo a processos governados pela temperatura ou as relagdes co-evolutivas
mais intensas (e.g., Schemske 2002). De fato, a temperatura ndo é a Unica variavel

ambiental que pode gerar variagdo espacial nas taxas de especiagao. Estudos
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relatam que outros mecanismos também contribuem para o gradiente latitudinal
de diversidade (Hawkins et al. 2007a, b, Whittaker et al. 2007, Urbina-Cardona &
Loyola 2008). Por exemplo, fatores como radia¢do solar (Evans & Gaston 2005) e
tamanho do corpo (Olalla-Tarraga & Rodriguez 2007) também podem afetar
substancialmente o gradiente de biodiversidade.

As taxas de extingdo foram altas tanto em latitudes temperadas quanto
nas tropicais. Essas altas taxas em latitudes mais altas podem ser uma
conseqliéncia de uma maior variabilidade climdtica nas regides temperadas
(Brown & Lomolino 1998, Willig et al. 2003, Wiens 2007, Mittelbach et al. 2007).
Essa instabilidade climatica pode ser importante tanto em eventos muito antigos
(e.g. glaciagdo) quanto em escalas temporais menores (e.g. variabilidade sazonal)
e pode ser associada a conservacdo de nicho, como sugerido por Wiens et al.
(2006). A limitada extensdo geografica das regiGes temperadas antes da expansao
do Cenozdico também pode ter contribuido para as altas taxas de extinc¢ao.

As altas taxas de extingdo nas regioes tropicais podem ser explicadas pela
mudanga geoldgica nessas regides, como a alteragao no curso do rio Amazonas no
inicio do Mioceno (Costa et al. 2001), o soerguimento dos Andes (Garzione et al.
2008) e a mudanca de clima arido para tropical durante o Pleistoceno (Bush &
Silman 2004). Por outro lado, as altas taxas de especiacdo nas regides
temperadas, provavelmente, se deve aos muitos clados basais de anuros serem
principalmente de regides temperadas (Wiens 2007). Smith et al. (2005) observou
gue em alguns clados de hilideos hd uma tendéncia de maior riqueza de espécies
em latitudes temperadas na Europa, Asia e América do Norte. Portanto, as regides

temperadas podem ter sido o ber¢co de alguns clados de hilideos, os quais
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provavelmente dispersaram para outras regides. Ao contrdrio, nas regides
tropicais, os hilideos tiveram mais tempo e espaco para a rigueza de espécies se
acumularem, o que também poderia explicar a mais alta riqueza de hilideos nos
trépicos, corroborando de alguma forma a hipdtese de conservacao de nicho
(Wiens & Donoghue 2004).

As taxas de especiacdo e extincdo para os taxa de hilideos sugerem que
ndo ha um padrao latitudinal e revelam a dificuldade em entender os processos
gue regem as taxas evolutivas nos hilideos. Embora nossa analise ndo seja um
teste direto do modelo de conservacdo de nicho de Wiens & Donoghue’s (2004),
como uma tentativa de explicar os gradientes de riqueza, ela suporta uma de suas
principais predigdes, de que as taxas de especiagao e extingao ndo sao fortemente
estruturadas no espago geografico. No entanto, essa expectativa também aparece
sobre um modelo puramente climatico, como proposto recentemente por Algar et
al. (2009), para explicar os padrdes nos hilideos e assim, futuras investigacdo sdo
necessarias para esclarecer o papel de fatores contemporaneos e histéricos que

governam os padrdes de rigueza nesse grupo.
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4.4 O custo de assumir o desconhecido: o debate acerca do uso da teoria
metabdlica da ecologia para explicar os gradientes de riqueza

Considerando toda a classe Amphibia, encontrou-se suporte para a teoria
metabdlica, mesmo considerando os efeitos da autocorrelagdo espacial. O valor
da inclinagdo da reta para a relagdo entre temperatura (1/kT) e riqueza de
espécies foi de -0,627, sendo que a temperatura sozinha explicou 77,4% da
variacdo da riqueza de espécies (P = 0,043, usando a correcao de Dutilleul).

Contudo, as predi¢cdes da MTE tendem a ser corretas somente para grupos
de espécies que sdo amplamente definidos (niveis organizacionais mais altos) (Fig.
6). Como citado acima, o valor de b para toda a Classe Amphibia foi igual -0,627,
mas quando se considerou as ordens, o b variou de -0,627 a -0,022 e somente
Anura ajustou-se a predicdo da MTE. Considerando familias, os valores de b
variaram entre -0,73 e 0,158 e somente 3 de 21 delas se ajustaram a predicdo da
MTE. Finalmente, em nivel de género, o b variou entre -0,711 a 0,428, sendo que
somente 2 de 41 géneros se ajustaram a MTE (Anexo 1; Fig. 6a). Portanto, esses
resultados estdo de acordo com a hipdtese de Allen et al. (2002) de que a MTE se

ajusta somente a grupos amplamente definidos.
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Figura 6 (A) Relagdo entre varios niveis de organizagdo dos anfibios do Novo Mundo e os
valores da inclinacdo da reta (In- riqueza de espécies e temperatura (1/kT)); (B) Relagdo
entre vérios niveis de organizacdo dos anfibios e o coeficiente de determinacdo (r?) da

relacdo entre In-riqueza de espécies e temperatura (1/kT).

Dessa forma, é notério que as causas que governam o padrdo espacial da
riqueza de anfibios podem nao ser tao simples. Em niveis taxon6micos mais altos,
o valor de b predito pela MTE é encontrado, ou seja, quando a riqueza de espécies
(“pool”) é alta, a temperatura afeta a riqueza seguindo as predi¢cbes da MTE,

embora uma ndo-estacionaridade ainda esteja presente. Em contraste, para
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grupos estritamente definidos, como a maioria das familias e géneros, a
temperatura ndo explicou os padrbes de riqueza de espécies e os valores
observados de b divergem consideravelmente do esperado. Contudo, grupos que
apresentam uma maior riqueza de espécies deveriam ter uma menor variancia no
padrdo espacial da riqueza de espécies do que grupos menos diversos,
consequentemente, é esperado que o valor de b predito pela MTE se ajuste
melhor em grupos mais diversificados, mesmo que estes sejam de niveis
taxonOmicos mais baixos. del Rio (2008) atribui o fato das predicdes da MTE se
ajustarem somente em niveis taxonémicos mais altos, a sua equacdo, que captura
o efeito da variacdo em niveis mais baixos.

A analise GWR, para cada grupo de anfibios, mostrou que os valores de b
da relagdo entre temperatura e riqueza de espécies variaram ao longo do espago
geografico (veja também Cassemiro et al. 2007a). Os altos valores de F e r* do
GWR indicam uma melhora do GWR em relagdo ao modelo OLS, mostrando uma
significativa ndo-estacionaridade nos dados. Esse padrdo pode ser observado
principalmente nos grupos que sdao amplamente definidos (p.ex., classe e ordem)
(Anexo 1). Embora a violagcdo no pressuposto de estacionaridade na regressao
espacial possa criar dificuldades na generalizacdo dos resultados, a aplicacdo de
modelos que incorporam a ndo-estacionaridade pode ser util em revelar uma
estrutura espacial mais complexa quando se testa as predicées da MTE (Foody
2004, Jetz et al. 2005). Contudo, em nossas analises com os anfibios do Novo
Mundo o efeito da nao-estacionaridade nao esta correlacionado com os desvios

das predicdes da MTE.
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Em relagdo as violagGes nos pressupostos da MTE, no que diz respeito ao
tamanho do corpo, observou-se uma consideravel variacdo entre as familias

(Tabela 3).

Tabela 3 Varidveis explanatérias dos valores da inclinacdo da reta esperados pela Teoria

Metabdlica da Ecologia para dez familias de anfibios do Novo Mundo.

TSA

Familias BS n r2 P S Tmédia AlCors - gwr bobs

Ambistomatidae 146.62 8 0.27 0.242 16 41.82 904.926 -0.132
Bufonidae 86.12 32 024 0019 117 40.48 977.13 -0.273
Centrolenidae 2858 10 057 0.134 43 39.25 83.873 0.094
Hylidae 5212 73 0.02 0233 297 39.99 2872.136 -0.615
Leptodactylidae 71.06 30 0.17 0.027 433  39.39 1456.485 -0.730
Microhylidae 39 13 02 0256 44 39.15 770.178 -0.570
Plethodontidae  158.89 68 021 0.003 113  40.28 782.418 0.123
Proteidae 262 5 0.73 0.028 S 40.89 14.162 -0.019
Ranidae 8596 22 002 0597 38 41.23 3066.506 -0.015
Salamandridae 15733 6  0.88 0.065 6 40.93 33.124 -0.015

BS: media do tamanho do corpo; n = nimero de espécies com dados de tamanho do corpo;
r’ = coeficiente de determinagdo mostrando a estrutura espacial do tamanho do corpo obtida
pela Andlise de Superficie de Tendéncia (TSA); S = riqueza de espécies; Tmédia = temperatura
média dentro da distribuicdo de cada familia; AlICy;s - gwr = diferenca entre o Critério de
Informacgdo de Akaike (AIC) obtida pelos modelos de regressao OLS e GWR; b: valores de
inclinagdo da reta da relagdo entre temperatura e riqueza de espécies.
As familias que apresentaram maior estrutura espacial no tamanho do
corpo (Salamandridae e Proteidae; = 0,88 e 0,73, respectivamente), tiveram os

valores de b da relacdo entre temperatura e riqueza de espécies, longe do predito

pela teoria metabdlica. Por outro lado, aquelas com menor estrutura espacial do
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tamanho do corpo (Leptodactylidae e Microhylidae; ¥ = 0,17 e 0,2,
respectivamente), se ajustaram a predicdo da MTE. De fato, a invaridncia do
tamanho do corpo através do espaco geografico parece decisiva para um bom
ajuste da MTE, ao menos, para os anfibios americanos, porque muitas familias
com um tamanho do corpo maior apresentou uma alta variagdo espacial,
enquanto aquelas com individuos menores apresentaram uma tendéncia
contraria.

Além da violacdo desse pressuposto, a alta riqueza de espécies com
pequeno tamanho do corpo, em latitudes mais baixas, e espécies com individuos
maiores em latitudes mais altas, provavelmente também levam a uma variagdo na
abundancia (Lawton 1990, Srivastava & Lawton 1998), a qual ndo é favoravel para
um bom teste da MTE (Allen et al. 2002). Dessa forma, conhecendo como o
tamanho do corpo varia ao longo do gradiente de temperatura, uma versdo mais
generalizada do modelo de Allen et al. (2002) poder3 ser desenvolvida.

Brown et al. (2004) alerta sobre o uso de dados corretos para avaliar a
MTE, no qual tamanho do corpo e abundancia devem ser espacialmente
invariavel. Adicionalmente, Hawkins et al. (2007a, b) também enfatiza a
importancia de avaliar como violagdes nos pressupostos da MTE podem afetar a
forma da relacdo entre riqueza e temperatura. Nesse sentindo, foi feito uma
regressao multipla entre os valores de b e cinco varidveis explanatérias (média do
tamanho do corpo, estrutura espacial do tamanho do corpo (Fda TSA), riqueza de
espécies, AlCysqur € temperatura média), com o objetivo de avaliar se a
magnitude dos desvios do valor da inclinagdo da reta esperado pela MTE para a

relacdo entre temperatura e riqueza de espécies é devido a violagdo nos

55



pressupostos. Assim, observou-se que as varidveis explanatérias sdo responsaveis
por 60,8% da variacdo do valor de b predito pela MTE. Além disso, a regressdo OLS
mostrou que a riqueza de espécies € a variavel explanatéria com o maior efeito,
explicando sozinha 55,5% do b encontrado, seguida pela temperatura (27,7%), r*
(24,5%), média do tamanho do corpo (23,4%) e AIC (1,6%).

Portanto, ao analisar grupos com baixa riqueza de espécies e com uma
clara variagdo espacial no tamanho do corpo, a tendéncia é encontrar uma falta
de concordancia entre os dados observados e as predi¢gdes da MTE. Em geral,
guando esses pressupostos sdo respeitados, a probabilidade de encontrar o valor
de b esperado é mais alta. Todavia, os outros 40% da variacdo nos valores de b
observados em nossas andlises nao foram explicados por violagdo nos
pressupostos como testado aqui. Isso pode ser explicado, em parte, pelo fato de
gue outros fatores (ambiental/ecoldgico) também podem influenciar o padrdo de
riqueza de espécies. No caso dos anfibios, sabe-se que além da temperatura, a
agua tem um papel fundamental principalmente nos estagios iniciais do seu ciclo
de vida. Portanto, um modelo que considere variaveis relacionadas a agua, como
evapotranspiragao, precipitacdo e umidade seria mais confiavel.

Além do mais, varios autores (Monkkonen et al. 2006, Muller-Landau et al.
2006, van der Meer 2006, Hawkins et al. 20070, b, Castro & Gaedke 2008),
testaram a predigao central da MTE para diferentes grupos de animais e plantas,
mas também falharam em encontrar resultados consistentes, principalmente no
caso de considerarem a estrutura espacial nos dados (Algar et al. 2007, Cassemiro
et al. 2007a, b, Terribile & Diniz-Filho 2009). Esses autores supracitados e outras

evidéncias ressaltadas neste trabalho salientam os problemas metodoldgicos e
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conceituais da MTE, fornecendo subsidios para uma melhoria no modelo original

proposto por Allen et al. (2002) e Brown et al. (2004).

5 CONCLUSOES

A teoria metabdlica da ecologia procura entender a interface entre
fisiologia, ecologia e evolugao baseando-se na variagao da taxa metabdlica entre
os organismos. Uma das principais premissas da MTE é que o metabolismo
individual é fundamental a ecologia, pois é através do metabolismo que os
organismos interagem com o ambiente. Nesse caso, mecanismos metabdlicos
podem provar serem de grande utilidade em varias questGes centrais na ecologia
de populagcbes e comunidades, assim como a regulacdo populacional e o controle
da coexisténcia de padroes de abundancia e diversidade relativas das espécies.
Dessa forma, estudos macroecoldgicos que visam entender os padrdes de
diversidade em amplas escalas espaciais se beneficiam com o advento de novas
teorias que, para se estabelecerem dentro da ecologia, necessitam ser testadas.
Portanto ao testar as predicbes e os pressupostos da MTE com dados de anfibios
do Novo Mundo, concluimos que:

e Através da andlise GWR o modelo da MTE para a riqueza forneceu
diferentes ajustes ao longo do continente, sendo que os valores de b mais
condizentes ou mais proximos do predito pela MTE, foram encontrados somente
na América do Norte. Além disso, essa andlise mostrou que mesmo uma relacao
sendo linear, em principio, consistente com a MTE, pode esconder padrdes de

variacdo espacial ndo-estaciondrios mais complexos na resposta da riqueza a
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temperatura, criando uma falha nas simples predicdes de Allen et al. (2002). Esse
tipo de anadlise espacial é importante em relacdo a generalidade da MTE e em
definir qual o dominio geografico o modelo de Allen et al. (2002) se ajusta;

* Ao utilizar diferentes abordagens para analise de dados, problemas
metodoldgicos e conceituais da MTE foram evidenciados. O classico teste de
hipoteses ndao fornece forte suporte para a teoria quando a autocorrelacdo nos
dados é considerada, provavelmente, porque parte da correlagdo entre riqueza e
temperatura pode ser devido aos componentes espaciais intrinsecos. Em geral, a
temperatura foi importante em predizer a riqueza de espécies nas duas
abordagens, embora predicdes particulares da MTE ndo tenham sido totalmente
verificadas quando considera-se a autocorrelagdo espacial;

* Para se estabelecer os valores da inclinacdo da reta esperado na relagdo
entre temperatura e riqueza, deve-se considerar a correlagdo com outras varidveis
explanatérias, incluindo as estruturas espaciais latentes e variaveis de
produtividade em um contexto multivariado;

e A predicdo de Allen et al. (2006) de que a temperatura é correlacionada
com as taxas evolutivas ndo foi confirmada quando a testamos nos hilideos.
Provavelmente, multiplos mecanismos governem as taxas evolutivas. Portanto,
um modelo que usa somente uma varidvel para explicar as taxas de especiagao
em escala macroevolutiva, é incorreto;

* Mais relevante, foi possivel verificar que a MTE é capaz de predizer os
padrdes de riqueza de espécies somente nos niveis mais altos de organizacdo
taxondmica (alta diversidade) e quando os pressupostos do modelo basico da

teoria ndo sdo violados. Nossas andlises mostraram que os fundadores da MTE
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estdo pagando o custo de estabelecer pressupostos restritivos que sdo dificeis de
serem testados no mundo real e que criam problemas ao se testar o modelo.
Dessa forma, o debate acerca da validade empirica da MTE pode produzir
diferentes resultados se pressupostos forem estritamente vélidos e, assim
tornando um modelo restritivo;

* Por fim, violagGes nos pressupostos explicam de certa forma, os desvios
dos valores esperados da inclinacdo da reta. Assim, derivacdes do modelo basico
da MTE, considerando as idiossincrasias de questOes espaciais, bioldgicas e
ecoldgicas, as quais sdo essenciais para descrever e entender os padrbes de

riqueza de espécies, sdo cruciais para o sucesso da teoria.
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7 ANEXO

Regressdo linear simples (OLS) e regressao ponderada geograficamente (GWR) da relacdo entre temperatura e riqueza de espécies

(In) de anfibios do Novo Mundo. Temperatura é expressa como 1/kT, onde k é a constante de Boltzmann e T é a temperatura média

anual em graus Kelvin.

OoLS GWR

Taxa n S r2 b AlC r2 F Tmax Tmin Tmed N BS
Amphibia 3857 1344 0.774 -0.673  6581.97 0.95 282.673 44.54 3855 40.94 289 104.66
Anura 3856 1079 0.804-0.627 6063.97 0.938 310.429 4454 3855 4092 188 62.18
Brachycephalidae 16 3 0.005 0.041 -5.67 39.89.04 39.39 1 19.70
Bufonidae 3207 117 0.636 -0.273  1457.61 0.8383.538B 44.09 3855 4048 32 86.12
Atelopus 114 14 0.140 0.117 -136.62 40.83.738 39.07

Bufo 3198 86 0.628 -0.249 982.89 0.789  90.734.09¢ 38.55 40.48
Melanophryniscus 112 9 0.004 0.018 -126.44 1.241 38.87 39.64
Dendrophryniscus 445 5 0.008 -0.021 -1638.92 39.95 38.67 38.86

Centrolenidae 211 43 0.019 0.094 78.24 40.78.663 39.25 10 28.58
Cochranella 247 16 0.061 0.087 -290.64 41.28.71 38.97

Centrolene 49 10 0.053 0.108 7.11 40.76 738.639.28
Hyalinobatrachium 191 17 0.056 0.139 -43.00 40.19 38.66 39.23

Dendrobatidae 790 89 0.136-0.692 1281.73 0.751 49.117 4151 38.65 38.96 2 36.50
Colostethus 514 50 0.022 -0.148 357.43 41.88.67 38.95
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OLS GWR

Taxa n S r2 b AlC r2 F Tmax Tmin Tmed N BS
Dendrobates 409 21 0.021 -0.210 48.36 40.38.67 38.87
Epipedobates 603 15 0.171 -0.463 -186.27 0.588.413 40.33 38.67 38.90
Hylidae 2460 297 0.378-0.615 5641.57 0.905 520.243 4298 3855 3999 73 5217
Aplatodiscus 98 10 0.172 0.312 -38.97 40.139.00 39.50
Sphaenorhynchus 30 9 0.354 -0.447 1.70 40.38.98 39.43
Scinax 1217 65 0.022 -0.179 1311.66 40.35.588 39.04
Pseudacris 971 12 0.316 -0.206 49.29 42.98.043 41.20
Phyllomedusa 1025 18 0.128 -0.475 862.26 3140.38.63 38.99
Osteocephalus 550 15 0.022 -0.287 191.16 144038.67 38.85
Hypsiboas 1204 48 0.303-0.711 1523.34 0.863 212.088 41.50 3855 39.08
Hylocirtus 31 12 0.017 0.057 -5.58 40.51 738. 39.42
Bokermanohyla 59 11  0.100 0.152 -59.56 40.@8.79 39.31
Hyla 630 15 <001 -0.007 114.18 0.603  42.73 .432 38.58 40.64
Leptodactylidae 1692 433 0.451-0.730 3176.72 0.863 196.361 41.98 3855 39.39 30 71.06
Gastrotheca 133 19 0.003 -0.013 -65.24 41.88.86 39.82
Adenomera 870 8 0.073 -0.248 -339.53 0.676 49%. 40.16 38.62 38.91
Cycloramphus 33 11 0.150 0.428 25.54 40.16.08 39.57
Eleutherodactylus 771 146 <.001 0.009 1586.14 41.19 38.63 39.05
Leptodactylus 1391 52 0.301-0.640 1676.47 0.853 193.815 41.19 3855 39.13
Odontophrynus 566 8 0.009 0.027 -484.45 0.3385.503 41.74 38.62 39.46
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Taxa n
Telmatobius 48
Pseudopaludicola 698
Proceratophrys 138
Pleurodema 482
Physalaemus 1065
Craugastor 202

Limnodynastidae 147
Microhylidae 1406
Chiasmocleis 618
Pipidae 563
Ranidae 2797
Rhinodermatidae 15
Scaphiopodidae 706
Caudata 1550
Ambystomatidae 1242
Amphiumidae 56
Dicamptodontidae 37
Plethodontidae 797
Oedipina 33
Eurycea 333

OoLS GWR

S r2 b AlC r2 F Tmax Tmin Tmed N BS
12 0.019 0.021 -68.27 41.98.28 40.73

9 0.161 0.263 -120.55 250.6 42.269 40.21 38.55 39.08

12 0.030 0.115 20.41 640.38.62 39.29

11 0.032 0.025 -528.79 0.449 .1416 41.98 38.55 39.91

30 0.059 0.277 1126.54 0.7896.303 40.23 38.62 39.06

47 0.138 -0.343 224.12 40.88.66 39.42

9 0.000 -0.005 -11.28 90.38.72 39.02 2 59.35
44  0.373 -0.570 1015.43 0.79912.552 41.04 3855 39.15 13 39.00
14 0.114 -0.346 -276.42 9539.38.58 38.91

6 0.020 -0.123 -507.10 40.50 38.53B.86

38 0.004 -0.015 2762.41 44.545838.41.23 22 85.96
2 0.030 -0.054 -18.44 41.69.62 41.04 2 31.50
7 0.053 -0.072 30.40 0.689 .7139 42.27 38.93 40.59 1 87.00
154 0.001 -0.022  3376.13 0.846 235.383.27 38.72 40.83 100 177.97
16 0.159 -0.132 458.56 0.73G3.925 43.27 39.03 41.82 8 146.62
3 0.036  0.095 -78.31 40.50 $39.539.93 3 146.76
4 0.024 -0.061 -29.83 31.810.45 41.18 3 25333
113 0.055 0.123 1479.29 0.758.482 42.80 38.72 40.28 68 158.89
6 0.035 -0.085 -54.85 39.52 88.739.09

10 0.211 -0.164 136.60 0.75 41.39%.80 39.04 40.87
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Taxa n
Desmognathus 214
Bolitoglossa 257
Batrachoseps 25
Aneides 45
Plethodon 413

Proteidae 313
Rhyacotritonidae 14
Salamandridae 480
Sirenidae 129

Gymnophiona 1039

Caeciliidae 1037
Caecilia 436

oLS GWR

S r2 b AIC F Tmax Tmin Tmed N BS
15 <001 -0.015  132.32 842.89.29 40.56
25 0.132 0238 -122.92 0.5490.112 40.51 3872 38.97
6 0022 -0.036 -32.84 41.80.05 40.68
6 0017 0072 -11.26 41.54  40.08.69
28 0.082 -0.115 196.12 0.627 868. 42.45 39.35 41.04
5 0033 -0019 -740.52 42.31 6639.40.89 5  262.00

0.061 0.159  -16.02 41.30.65 4106 2 112.50
6 0030 -0.015 -1161.70 442.390.03 4093 6 157.33
4 0160 -0.213  -39.82 4127 39.89.97 4 535.00
36 0.075 -0.340  927.43 0.687 5102.41.22 38.58 3899 2  358.50
31 0.076 -0.338  901.18 0.707 .1D4 41.22 3858 3899 2 35850
11 0.002 005  -265.56 40.51 538. 38.85

(n =

numero de células; S = riqgueza de espécies; Tmax, Tmin e Tmed

= temperatura maxima, minima e média (1/kT7),

respectivamente; N = ndmero de individuos com dados de tamanho do corpo; BS = tamanho médio do corpo). NiUmeros em

negrito indicam os dados que se ajustaram ao valor de b predito pela MTE.
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APENDICE 1.

Ndo-estacionariedade, gradientes de diversidade e a teoria metabdlica da ecologia



Global Ecology and Biogeography, (Global Ecol. Biogeogr.) (2007)

CORRESPONDENCE

Non-stationarity, diversity
gradients and the metabolic
theory of ecology

Keywords: Geographically weighted regres-
sion, latitudinal gradients, macroecology,
metabolic theory, non-stationarity, spatial
autocorrelation, species richness.

Tests of mechanisms driving species diversity
have usually been conducted using exploratory
multiple regression, trying to associate alter-
native (and usually not mutually exclusive)
hypotheses with sets of environmental variables
or other surrogates of ecological and historical
processes that are correlated with richness
patterns (see Willig et al., 2003; Hawkins et al.,
2003; Currie et al., 2004). More recently, in
the context of the metabolic theory of ecology
(MTE hereafter; see Brown et al., 2004), Allen
et al. (2002) formally proposed a hypothesis
stating that the relationship between In-
transformed species and 1/kT (where k is
Boltzmann’s constant and T is temperature in
Kelvin) has a slope between —0.6 and —0.7
(referring to the model version presented in
Brown et al., 2004; see also Allen et al., 2006;
Hawkins et al., 2007a).

However, Algar et al. (2007) recently showed
that for several data sets in North America the
relationship between In-transformed richness
and temperature is actually curvilinear, so
slopes vary systematically in geographical
space. As a consequence, they proposed that
Allen et al’s (2002) model did not give an
adequate fit to the data (see also Hawkins et al.,
2007a, for a more general test, and Gillooly &
Allen, 2007, for a reply) and defined in which
parts of the continent the expected slope of the
MTE could be found, based on fitted quadratic
models of richness against temperature.

However, we will show here that even when
the linear relationship between In richness and
temperature predicted by Allen et al.’s (2002)
model is found, the same problem of spatially
variable slopes can appear because of non-
stationarity in the data, i.e. the relationship
between variables can vary systematically from
one locality, or region, to the other. Actually,
both non-spatial and spatial regression
models assume that results apply equally to

© 2007 The Authors

the entire study area, but actually they may
only provide an ‘average’ of the relationship if
non-stationarity occurs in data. Thus, although
violation of the stationarity assumption in
spatial regression may create difficulties in
generalizing their results, application of models
that incorporate non-stationarity may be
useful in revealing more complex spatial
structures in data and relationships between
variables in multiple scales. Indeed, geographi-
cally weighted regression (GWR) procedures
have been developed to deal with this and
have recently been applied in macroecological
analyses (Fotheringham et al., 2002; Foody,
2004, 2005; Wang et al., 2005; Bickford &
Laffan, 2006; see also Jetz et al., 2005 and
Foody, 2005 for a discussion about inter-
pretation of GWR in richness data). The advan-
tage of GWR is that instead of estimating a
single slope that describes the studied rela-
tionship, it generates one regression slope for
each locality, or ‘cell’ (called ‘local’ slopes), by
using a complex scheme of spatial weights
(see Fotheringham et al., 2002 for a detailed
description). These slopes (as well as estimates
for other regression parameters, such as )
can then be mapped and used to investigate
how the relationship between variables changes
across geographical space.

Here, we analysed spatial patterns of species
richness derived from digital maps for 3019
species of New World amphibians, obtained
from the Global Amphibian Assessment
(see Stuart et al., 2004), available at http://
www.natureserve.org, using a grid with 4187
cells of 1° of latitude and longitude. Our pur-
pose is to expand Algar et al’s (2007) discus-
sion by using GWR to investigate patterns of
non-stationarity in the relationship between
In-richness and temperature expressed as 1/kT.

Species richness follows the well-known
latitudinal pattern in the Western Hemisphere
(e.g. Hawkins et al., 2006 and references therein)
(Fig. 1a), and the observed slope (—0.686 *
0.005) matches MTE predictions quite well
(Fig. 2). However, there is some heteroscedas-
ticity caused by a greater variation of richness
in warm areas (i.e. areas with low 1/kT values),
and a ‘constraint envelope’, commonly found
in macroecological studies, may actually
better describe the relationship. Although a

Journal compilation © 2007 Blackwell Publishing Ltd www.blackwellpublishing.com/geb

linear regression model is not entirely statisti-
cally adequate to describe the data, the r* is
also very high (= 0.835), and adding a quadratic
term did not significantly improve the model
fit (r* = 0.837). Although confidence intervals
are underestimated because of the strong spa-
tial autocorrelation in data, the relationship
remains significant after correcting the degrees
of freedom using Dutilleul’s (1993) procedure
(r = —0.914; d.f. = 9.45; P < 0.01; see also
Hawkins et al., 2007a). However, when using
a simultaneous autoregressive model (SAR;
implemented in sam 2.0; see Rangel et al.,
2006), the slope becomes —0.514 £ 0.011 (still
close to MTE predictions), but the r? based
on 1/kT drops to 0.127. Although this is still
significant at P = 0.05, the differences between
the ordinary least squares (OLS) and SAR
suggest complex hidden spatial structures at
distinct scales and perhaps variation in slopes in
different regions (see Diniz-Filho et al., 2003).
We then applied the GWR (implemented
in GWR 3.0; see Fotheringham et al., 2002) to
detect non-stationarity in the relationship
between richness and temperature. The weight-
ings for GWR were defined by a kernel func-
tion, with bandwidths interactively established
using the Akaike criterion. There was an
improvement of GWR with respect to the
OLS model (* of GWR = 0.914, and F = 25.36
for the improvement of GWR over OLS,
taking into account the differences in degrees of
freedom between the two models; P << 0.01).
Thus, a highly significant non-stationarity
was detected in the relationship. Indeed, local
slopes of In-richness against 1/kT vary between
—1.33 and +0.97 across the New World, with a
median of —0.64 (Fig. 1b). A good match with
MTE predictions is found mainly in the
middle latitudes of North America, and in
small bands of South America. In the Northern
Hemisphere, both the explanatory power (%)
and the slopes of the local regression increase
almost continuously towards northern lati-
tudes (Fig. 1c), supporting the curvilinearity
found by Algar et al. (2007) in this region.
Residuals of the GWR do not show spatial
autocorrelation (Moran’s I in the first distance
class equal to 0.073; see Diniz-Filho et al., 2003),
although there are higher values clustered
along the mountains and coasts (Fig. 1d).
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Figure 1 (a) Patterns of species richness for 3019 amphibian species in the New World, followed by patterns of spatial variation in regression
parameters from GWR, including (b) the slope of In-transformed species richness against 1/kT, (c) the model fit, given by 1%, and (d) the GWR

residuals.

The non-stationarity in the relationship
between richness and temperature is in agree-
ment with Hawkins et al’s (2003) conjecture
that energy is a more important driver of
diversity in higher latitudes (and that water is
probably a more limiting factor in the tropics,
although this second component was not
explicitly tested here; see also Whittaker et al.,
2007). In general, spatially structured varia-
tions in the effect of multiple predictors may be
the underlying cause of the non-stationarity
in the relationship between richness and
temperature detected here. Another potential
explanation of non-stationarity is that effects
of temperature on other variables that are
assumed to be constant in Allen et al’s (2002)
model (i.e. average body mass and abundance)
also vary in space, generating a systematic lack
of agreement with the MTE prediction in some
regions but not in others. Finally, a nonlinear
and spatially structured relationship between

energetic drivers of diversity and temperature
(that is actually a surrogate of these) (see Huston,
2003; Clarke & Gaston, 2006) may be part of
the explanation for non-stationarity. Thus, a
GWR model using multiple predictors could
be used to further investigate the causes of
this non-stationarity in a more complex way.
Our GWR analyses of New World amphibians
strongly support the recent conclusion by
Algar et al. (2007) that MTE models for rich-
ness provide variable fits in different regions,
with better fits found in mid North America
for many groups (for amphibians, trees, blis-
ter beetles and tiger beetles). As previously
discussed, the curvilinear relationships found
by Algar et al. (2007) could be attributed to an
absence of important ecological components
in Allen et al’s (2002) model or in part because
of violation in the assumptions of constant
abundance and body size. However, more
importantly, our analysis using GWR shows

Amphibian richness (In)

0 [T ——
38 39 40 41 42 43 44 45 46
Temperature (1/kT)

Figure 2 Global relationship between
In-transformed species richness against 1/kT,
supporting MTE predictions (model I
regression slope = —0.686).
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that this does not occur only when the mod-
elled relationship is curvilinear. Even a linear
relationship that is, in principle, consistent
with the MTE can hide more complex and
non-stationary patterns of spatial variation in
the responses of richness to temperature,
creating a failure in Allen et al’s (2002) simple
predictions (see Hawkins et al., 2007b). In a
recent comparative analysis, Hawkins et al.
(2007a) did not find consistent support of the
MTE in higher latitudes, but since many data
sets were compared, other sources of variation
across data, probably related to how different
organisms respond to temperature, may make
it difficult to detect this better consistency
with the MTE at higher latitudes. GWR
analyses can be extended to other groups of
organisms to check for a correspondence
between patterns of non-stationarity which,
in turn, could help in elucidating how gen-
eral the MTE is and in which geographical
domains Allen et al’s (2002) model correctly
predicts richness patterns.
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Abstract

In this paper, we stressed that avoiding significance tests under an alternative model selection
framework does not mean that spatial autocorrelation no longer matters, since Akaike
information criterion (AIC) is sensitive to the presence of spatial autocorrelation. \We exemplify
our discussion by analysing species richness patterns of American amphibians, in the context
of metabolic theory, to understand how the presence of spatial autocorrelation in data affects
data analysis under alternative frameworks of hypothesis testing and model selection. In
general, temperature was found to be an important predictor of species richness in both
frameworks, although particular predictions of metabolic theory were not fully satisfied when
taking spatial autocorrelation into account.

Key words: hypothesis testing; spatial autocorrelation; model selection; Akaike information
criterion; macroecology; richness gradients; metabolic theory

Resumo

Neste artigo, enfatiza-se que evitar os testes de significancia baseados na selegdo de
modelos alternativos ndo significa que a autocorrelagéo espacial ndo ocorra, pois o critério
de informacgé&o de Akaike (AIC) é sensivel a presenca de autocorrelagéo espacial. A discus-
sdo é exemplificada pela analise de padrées de riqueza de espécies de anfibios america-
nos, no contexto da teoria metabdlica, de forma a entender como a presenga da
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Introduction

In recent years there has been increa-
sing interest in the application of spa-
tial analysis techniques to problems in
ecology and biogeography (see Fortin
and Dale, 2005 for a recent review).
This has been motivated by several
advances, including a resurgence of
interest in broad-scale diversity gradi-
ents and other macroecological pat-
terns, the ability to deal with large da-
tabases on biodiversity, climate and
geography, and the application of more
sophisticated statistical techniques that
take into account the spatial dimensi-
on of data (Keitt et al., 2002). This fi-
nal point arises from the recognition
that spatially distributed ecological
phenomena usually generate spatial
autocorrelation in biological data, an
issue that can be viewed either as a
‘problem’ that must be solved or as an
opportunity to understand the spatial
context of these phenomena (Legendre,
1993; Legendre and Legendre, 1998).
It is now widely recognized that spati-
al autocorrelation affects significance
tests in geographical ecology analyses,
since error variances are underestima-
ted (Legendre, 1993; Legendre and
Legendre, 1998; Diniz-Filho et al.,
2003; Dormann, 2007). For example,
when spatial structure appears in re-
gression residuals, this is an indicative
of a potential misspecification in the
regression models, which usually as-
sume normally distributed and inde-
pendent errors with constant variance
(see Lennon, 2000 and Diniz-Filho et
al., 2003 for a discussion on the ori-
gins of autocorrelation structures in ri-
chness data). Formally, the covariance
matrix among residuals is equal to 71,
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autocorrelacéo afeta a analise dos dados com base em uma abordagem alternativa de
teste de hipotese e selegdo de modelos. Em geral, a temperatura foi uma importante
preditora da riqueza de espécies em ambas as abordagens, embora predi¢ées especificas
da teoria metabdlica ndo foram completamente alcancadas quando consideramos a

autocorrelacao espacial.

Palavras-chave: teste de hipoteses; autocorrelagcdo espacial; selegdo de modelos; crité-
rio de infomacgao de Akaike; macroecologia; gradiente de riqueza; teoria metabdlica

where I is an identity matrix (Cressie,
1993; Haining, 1990, 2002; Griffith,
2003). This is why spatial statistics, and
specifically spatial regression models,
are used to ‘correct for’ or to ‘take into
account’ the presence of spatial struc-
ture in data or model residuals. As po-
inted out by Cressie (1993), “...if it
appears that [spatial covariance among
residuals] > 0, there may be a missing
variable (varying spatially) that is cau-
sing it. By (unknowingly) modelling its
presence through spatial dependence
parameters, the spatial model is more
resistant to misspecification errors”.

Despite the ever increasing range of
spatial statistics that can be applied to
macroecological and biogeographical
data (Lennon, 2000; Lichstein et al.,
2002; Liebhold and Gurevitch, 2002;
Legendre et al., 2002; Diniz-Filho et
al., 2003; Hawkins and Porter, 2003;
Borcard et al., 2004; Diniz-Filho and
Bini, 2005; Bahn and MacGill, 2007;
Kuhn, 2007; Dormann, 2007; for re-
cent examples), many ecologists still
have problems dealing with the phe-
nomenon of spatial autocorrelation.
Simultaneously, there has been a re-
action growing for quite some time
against the standard statistical testing
approach when applied to non-expe-
rimental, usually broad-scale spatial
data in ecology and evolution, espe-
cially with respect to model selection
procedures (e.g., Quinn and Dunham,
1983; Hilborne and Mangel, 1997;
Hobbs and Hilborne, 2006; Stephens
et al., 2007; see also Cohen, 1994).
As a consequence of this latter move-
ment, an increasing number of ecolo-
gists now advocate alternative appro-
aches to data analysis, including Baye-
sian methods and model selection pro-
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cedures based on information theory
(mainly Akaike Information Criterion,
AIC), thereby completely avoiding the
classical hypothesis-testing approach
(see Burham and Anderson, 2002,
2004; Ellison, 2004; Johnson and
Omland, 2004; Richards, 2005; Ste-
phens et al., 2007).

For ecologists working with broad-sca-
le geographic distribution data and de-
rived measures, such as species rich-
ness, it is tempting to link these two
discussions (i.e., problems in estima-
ting true Type I errors in the presence
of spatial autocorrelation and concep-
tual problems with hypothesis testing)
and justify a paradigm shift from hypo-
thesis testing to model selection under
information theory at least in part as a
way to deal with inferential problems
caused by spatial autocorrelation (e.g.,
Stohlgren et al., 2005; Segurado et al.,
2006). However, we would like to
stress here that avoiding significance
tests under an alternative model selec-
tion framework in fact does not neces-
sarily mean that spatial autocorrelati-
on no longer matters, although this has
not yet been explicitly tested in geo-
graphical ecology (but see Hoeting et
al., 2006). In this paper, we discuss how
geographical data analysis can be un-
derstood with respect to the alternati-
ve frameworks of hypothesis testing
and model selection, especially consi-
dering the presence of spatial autocor-
relation in data. To illustrate our point,
we analysed spatial patterns of species
richness of American amphibians, sho-
wing how data fits the predictions from
metabolic theory of ecology (see Al-
len et al., 2002; Brown et al., 2004,
Hawkins et al., 2007a,b) under the two
alternative data analysis frameworks.



Spatial autocorrelation, model selection and hypothesis testing in geographical ecology:
Implications for testing metabolic theory in New World amphibians

Material and methods

Data

To illustrate the use of hypothesis tes-
ting and model selection frameworks
we analysed data of 3,019 amphibians
species of New World, obtained from
Global Amphibian Assessment (see
Stuart et al., 2004), available at http://
www.natureserve.org, using grid with
4,187 cells of 1° of latitude and longi-
tude. We selected seven predictors for
further analysis: annual actual evapo-
transpiration (AET), elevation (ELEV),
mean annual temperature (TEMP), an-
nual potential evapotranspirantion
(PET), mean annual precipitation
(PREC), averaged relative humidity
(HUM), net primary productivity
(NPP) (New et al., 1999).

Hypothesis testing

We first analysed the effect of tempe-
rature on species richness, following
recent work on the metabolic theory of
ecology (MTE, see Allen et al., 2002;
Brown et al., 2004). The idea of ap-
plying MTE to evaluate richness gra-
dients is that regressing the logarithm
of species richness of ectotherms or-
ganisms against temperature will give
a specific slope (see below), which was
derived based on the first principles of
termodynamics and on biochemical
kinetics at cellular level. Thus, testing
this particular prediction of metabolic
theory represents the classical applica-
tion of hypothesis testing in geographi-
cal ecology. Temperature is given as 1/
kT, were temperature 7 is expressed in
Kelvin and k is Boltzmann’s constant
(ineV, equal to 8.62 x 107°) and the pre-
dicted slope should be between -0.6 and
-0.7 (Brown et al., 2004; see also Evans
and Gaston, 2005 for definitions). The
observed slope b can be statistically
compared with a parametric value of b
using, for example, the classical 7-dis-
tribution, in which ¢ = (b - B)/s,, were
s, is the standard error of slope.

However, it is important to realize that

this simple test of the theory suffers
from a potential problem, because the-
re is usually a strong autocorrelation
in model residuals. This can be tested
using Moran’s [ coefficients (see Di-
niz-Filho et al., 2003; Rangel et al.,
2006). Thus, hypothesis testing from
OLS model may be biased and it is
necessary to adopt an explicit spatial
regression approach to better test a
hypothesis about a regression slope.
The statistical theory underlying spa-
tial data is now well developed (Hai-
ning 1990, 2002; Cressie, 1993), al-
though new issues and methods conti-
nue to arise (see Anselin, 2002; Fothe-
ringham et al., 2002; Griffith, 2003;
Diniz-Filho and Bini, 2005; Kuhn et al.,
2006; Carl and Kuhn, 2007; Kuhn,
2007). A way to incorporate spatial
autocorrelation structure in data analy-
sis is better understood in a generali-
zed least squares (GLS) regression fra-
mework. The standardized regression
slopes (given in the vector ) are used
to evaluate the relative importance of
the predictors (matrix X) in explaining
a given response variable (the vector
Y), and are obtained by
B=X"ZT'X)'XZY

where X! is a matrix containing the
spatial structure in the residuals. The
residuals can be obtained from a stan-
dard, non-spatial multiple regression
(OLS), and spatial structures in these
residuals can be modelled using diffe-
rent forms of correlograms and vario-
grams (spherical, exponential, Gaussi-
an, etc.), and then these parameters can
be used to estimate X (see Cressie
1993). Simultaneous autoregressive
(SAR) and conditional autoregressive
(CAR) spatial regression models can
also be generated by using specific de-
finitions of X as a function of residual
autocorrelation (see Lichstein et al.,
2002; Tognelli and Kelt, 2004; for re-
cent applications in Ecology). For
example, in the SAR model, the cova-
riance matrix X is given by

L=c [d-pW)T'[I-pW]!
where r is the first-order autoregressi-
ve parameter and W is the row-stan-
dardized connectivity matrix among
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spatial units (Cressie, 1993; Haining,
2002). Notice that when X = ¢°I (i.e.,
the residuals are independent, with zero
covariance, and they have constant va-
riance 6?), the GLS estimation of the
vector will reduce to the standard OLS
estimator of the regression coefficients.
We fitted a SAR model building the
matrix W based on the distance among
cells (W=1/d?, where d is distance be-
tween a pair of sample size).

All spatial analyses were performed in
SAM 2.0 (Rangel et al., 2006), freely
available at www.ecoevol.ufg.br/sam.

Model selection and
information theory

In the absence of a formal mathemati-
cal model to deal with colinearity
among temperature and other predic-
tors (i.e., that can generate a different
theoretical partial slope b to be formally
tested, as previously described — see
Hawkins et al., 2007b), the alternative
to understand patterns of species rich-
ness is to identify the best predictive
model and then link this model with
the available theories to explain geo-
graphic patterns in richness (e.g., Ha-
wkins et al., 2003). Within the context
of metabolic theory, we can at least
verify if temperature is one of the pre-
dictors retained in the best environmen-
tal model, providing support for a for-
mal modelling strategy to understand
how collinearity could be incorporated
into metabolic theory. It is also possi-
ble to verify that the partial coefficient
of temperature (i.e., taking into account
all other predictors) is still close to
MTE predictions. In this case, it might
appropriate to abandon the idea of a
formal hypothesis testing and shift to a
model selection framework under in-
formation theory (i.e., we are not inte-
rested in simply rejecting the null hypo-
thesis of b = 0 for all predictors; rather,
it is more interest to compare multiple
potential alternative models and to ve-
rify the parameter estimated.

The likelihood of data given multiple
possible models has been recently eva-
luated under information theory, a com-
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pletely different framework from clas-
sical hypothesis testing (Burham and
Anderson, 2002). Akaike information
criterion (AIC) is the most widely used
metrics for model selection under this
new framework and is computed as
AIC=-2Ln [L(x | M)] + 2K
where Ln[L(xIM )] is the log-likelihood
of data x given the model M, as pre-
viously defined, and K is the number
of parameters in the model. A small-
sample correction, which must always
be used when n/K > 40, is easily obtai-
ned by adding the term [2K(K+1)/(n-
K-1)] to the AIC formula. When com-
puting an ordinary least squares (OLS)
regression, an approximate AIC value
can be given by
AIC = n Ln(c®) + 2K
where 67 is the variance of the residu-
als of each regression model, and KX is
the number of parameters, including the
intercept and the residual variance 6°.
The value of ¢%is used as a proxy for
the likelihood of the model given the
data, and is given by
c*=e'e/n
where e is the vector with regression
residuals (see Burham and Anderson,
2002, 2004 for details).
After calculating AIC values for va-
rious models, one can use the standard
model selection protocol (Burham and
Anderson, 2002; Johnson and Omland,
2004; Richards, 2005). The AIC of each
model is transformed to DAIC, which
is the difference between AIC of each
model and the minimum AIC found for
the set of models compared. A value of
DAIC higher than 7 indicates that a
model has a poor fit relative to the best
model, whereas a value less than 2 in-
dicates that a model is equivalent to the
minimum AIC model (Burham and
Anderson, 2002, 2004). The DAIC va-
lues can also be used to compute
Akaike’s weighting of each model (w),
which provides evidence that the mo-
del is actually the best explanatory
model. These values of w, are usually
standardized by their sum across all
models evaluated, so they are depen-
dent on the set of models used, and are
given then by
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Wi - e(-l/Z AA[C)/ Zi[e(-I/Z AAICi)]
Finally, w, values can also be used to
define the relative importance of each
predictor across the full set of models
evaluated by summing w, values of all
models that include the predictor of
interest, taking into account the num-
ber of models in which each predictor
appears (Burham and Anderson, 2002).
Thus, since AIC is dependent on G2,
even in the absence of a specific statis-
tical hypothesis to be tested it is still
important to know how autocorrelati-
on in data perturbs model selection pro-
cedures. Of course, model selection
based on statistical criterion (such as
in stepwise procedures) will be stron-
gly affected by autocorrelation, since
they are based on P-values that are bi-
ased in the presence of autocorrelati-
on, tending to result in the inclusion of
all variables in the model (since they
all tend to be statistically significant).
However, since spatial autocorrelation
biases residual variance estimates and
affects the likelihood of the OLS mo-
del given the data (due to probable
misspecifications), it will affect model
selection procedures too, as well as in
SAR analysis, which create another
residual variance. Thus, we compared
OLS and SAR results for 22 models to
understand how explicitly incorpora-
ting spatial structure into regression
model affects model selection proce-
dure based on AIC.

Results

For the New World amphibians data,
we found a slope of -0.686 (Cl, = -
0.63, -0.742) according to an OLS re-
gression (Figure 1A). The confidence
interval does not include zero, so the
slope is significant at 5% level (i.e.,
differs from zero, the expectation un-
der the null hypothesis, H: p = 0). The
temperature (1/kT) explains 83.5% of
the variation in the logarithm of speci-
es richness (Figures 1A, B), although
a heterocedastic distribution can be ob-
served, forming a constraint envelope
common in macroecological data (see
Brown, 1995; Gaston and Blackburn,
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2000). Confidence interval includes the
expected value of -0.60 or -0.70, so this
dataset support metabolic theory.
However, for the first geographic dis-
tance class (0 — 463 km), a Moran’s [
coefficient equal to 0.427 (P < 0.001,
based on a randomization test) was
found, so that a spatially explicit regres-
sion model can be fitted to better esti-
mate slope and confidence interval. The
SAR model got worse model fit, with
an R?=0.087 due to pure effect of tem-
perature, although R? of the fitted mo-
del (including both predictor and spa-
ce) was higher than OLS (R? =0.928)
(see Rangel et al., 2006). The slope of
temperature was reduced to -0.354
(CI%% =-0.331,-0.377), less consistent
with metabolic theory than the origi-
nal OLS model. The SAR model is in
principle more adequate than OLS, sin-
ce the residuals are much less spatially
autocorrelated (Moran’s I at the first
distance class /=0.167, P =0.206) (but
see Hawkins eft al., 2007¢). Other for-
ms of spatial regression (CAR) and
spatial filtering (Rangel et al., 2006; not
shown to conserve space) provided
equivalent results (although some of
them showed no significant correlati-
on between the two variables).

The comparison between OLS and SAR
results for the 23 models incorporating
multiple combinations of environmen-
tal predictors is shown in Table 1. The
correlation between AAIC values of
SAR and OLS models is high (r =
0.907), which suggests a very similar
sequence of ranking between alternati-
ve models generated by non-spatial and
spatial models. However, this correlati-
on is mainly due to the models with high
AAIC values (the poor models) found
in both SAR and OLS regressions.

In both SAR and OLS, the full models
(i.e., with all predictors, TEMP, NPP,
PET, AET, PREC, ELEV and HUM)
were retained as the best models (i.e.,
AAIC =0) (Table 1). The other models
showed very high AAIC values, so they
are not parsimonious explanations for
richness patterns, suggesting that vari-
ations in temperature alone are not a
good explanation for richness patterns.
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Notice also that regression coefficient
for temperature in the best model selec-
ted using AIC was equal to -0.496 to
SAR and -0.668 to OLS, whereas the
standardized regression coefficient was
equal to-0.66 in SAR and -0.889 in OLS
(Table 2). Temperature was the predic-
tor with highest standardized coeffici-
ent, followed by AET and RELEYV, des-
pite best estimated coefficient by SAR
is a bit lower than expected by MTE.

Discussion

Spatial autocorrelation, model
selection and hypothesis testing

Under a classical hypothesis testing
framework, OLS analysis strongly su-
pports MTE, since the observed slope
is not statistically different from the
predicted one. However, after taking
spatial autocorrelation into account
using spatial regression (SAR), we
found even less support for metabolic

theory. Thus, using spatial models qua-
litatively changed our conclusions, al-
though this is probably not so simple
(Hawkins et al., 2007c). Most of the
statistical literature suggests that spa-
tial regression is more robust than OLS
when there is strong, and since Allen
et al. (2002) did not consider these is-
sues, we can say that MTE is not quite
well supported when using a more ade-
quate model that takes residual auto-
correlation into account. However,
Hawkins et al. (2007c; see also Diniz-
Filho et al., 2003) recently warned that
adding spatial components may also
add scale issues to the modeling pro-
cess that may disturb parameter esti-
mation and, more importantly, interpre-
tation of the parameter.

Thus, tests of metabolic theory that do
not incorporate spatial structure may
not be robust. The difference in slopes
obtained from OLS and SAR models
also suggests that most of regression
of logarithm of richness against tem-

perature found using OLS might be due
to spatial covariance structure in both
variables (as well as non-stationarity
issues, see Cassemiro et al., 2007). This
leads to a more complicated issue of
how to evaluate simultaneously the
effect of temperature and other predic-
tors (including the effects of unknown
‘latent” predictors that are ‘captured’ by
spatial structure), under metabolic the-
ory, leading to issues of comparison of
multiple models, incorporating diffe-
rent sets of predictors.

When we compare the AAIC values be-
tween SAR and OLS alternative models,
we verified that the lower values were
found in OLS regression, as found in
many other studies (see Kuhn, 2007).
These lower values of OLS when com-
pared to SAR are due to the fact that OLS
regression does not take spatial structure
into account. Indeed, all OLS models
contain significant spatial autocorrelati-
on in the first distance class (Table 1), so
they are not maximum likelihood models

Table 1. Results of model selection based on AIC values calculated from Ordinary Least-Squares (OLS) and Simultaneous AutoRegres-
sive (SAR) models, including the AAIC values and the standardized Akaike’s weightings (w). The best model under each approach is in
bold. The /-value refers to the Moran’s | autocorrelation coefficient in OLS residuals in the first geographic distance class (0-463 km).

SAR OoLS
AAIC w AAIC w ]
AET,PET 3577.641 0.00 3567.873 0.00 0.57
AET,PREC 3 577.641 0.00 4319.985 0.00 0.657
PET,PREC 3618.091 0.00 3571.938 0.00 0.58
AET,PET,PREC 3618.091 0.00 3465.549 0.00 0.593
AET,NPP 3335.788 0.00 4305.343 0.00 0.666
NPP,PET 3776.86 0.00 3278.093 0.00 0.565
NPP,PREC 3752.266 0.00 5516.111 0.00 0.681
AET,PET,NPP 3312.15 0.00 3242.638 0.00 0.586
AET,PET,NPP,PREC 3148.682 0.00 3200.8 0.00 0.601
TEMP,AET 2190.009 0.00 856.033 0.00 0.452
TEMP,PET 2382.434 0.00 1985.884 0.00 0.451
TEMP,AET,PET 1193.59 0.00 135.422 0.00 0.403
TEMP,PREC 2070.23 0.00 880.629 0.00 0.443
TEMP,AET,PET,PREC 1130.787 0.00 82.592 0.00 0.405
TEMP,NPP 2179.02 0.00 752.755 0.00 0.418
TEMP,NPP,PETAET 1060.516 0.00 74.412 0.00 0.416
TEMP,NPP,PET,AET,PREC 1003.775 0.00 40.941 0.00 0.417
TEMP,NPP,PET,AET,PREC,ELEV,HUM 0 1 0 1 0.431
TEMP,HUM 2496.984 0.00 1472.458 0.00 0.402
TEMP,HUM,AET,PET 1192.57 0.00 136.677 0.00 0.402
TEMP,ELEV 1521.546 0.00 1975.022 0.00 0.444
HUM,ELEV 4739.809 0.00 9133.797 0.00 0.801
ELEV,PREC 4010.902 0.00 5685.369 0.00 0.616
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Table 2. Linear coefficients of OLS and SAR regressions of log-transformed species richness in New World on seven environmental

variables.
SAR oLs
Standardized b b Standard Error t P Standardized b b Standard Error t P

AET 0.204 0.009 <0.001 12.874 <0.001 0.36 0.015 <0.001 19.005 <0.001
PET -0.018 -0.004 <0.001 -6.162  <0.001 -0.364 -0.014 <0.001 -19.256  <0.001
PREC 0.073 0.05 0.007 7.466  <0.001 0.06 0.041 0.008 5.082 <0.001
HUM 0.093 0.009 0.001 7.821  <0.001 0.019 0.002 0.001 1.946 0.052
ELEV 0.165 <0.001 <0.001 18.088 <0.001 0.044 <0.001 <0.001 6.331 <0.001
NPP 0.041 0.199 0.028 7.073  <0.001 0.072 0.345 0.047 7.286 <0.001
TEMP -0.66 -0.496 0.017 -28.232 <0.001 -0.889 -0.668 0.013 -50.335  <0.001

A)

Ampbhibian richness (In)

38 39 40 41 42 43 44 45 46
Temperature (1/kT)

Amphibian Richness
0-0.693
0.693 - 1.609
1.609 - 2.485

I 2.485-3.135
I 3.135-3.714
I 3.714-4.19 d

I 419-5.106 i

Figure 1. A. Relationship between In-transformed species richness of amphibians and tem-
perature for 4187 cells (1° x 1° latitude-longitude), covering the American continent. Tem-
perature is expressed as 1/kT, where k is Boltzmann’s constant and T is average annual
temperature in degrees Kelvin. B. Spatial patterns of Amphian richness in the New World.
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because residuals are not independent.
Thus, this apparently lower uncertainly
should not be viewed as an advantage of
OLS over spatial model.

In fact, it is equivalent to find a very
low Type I error for a given predictor
that, as we already discussed, may be
artificially caused by spatial autocorre-
lation. In this case, one should be ‘cer-
tain’ about the effect of a given predic-
tor but, when taking into account spati-
al autocorrelation, its influence may be
smaller than previously assumed (Lichs-
tein et al., 2002), as occurred with the
effect of temperature on species rich-
ness, as previously described.

Because of the high AAIC in the mo-
dels, the Akaike weights w. are not dis-
persed among them, suggesting a con-
siderable certainty in deciding the best
model. Certainly the model with AAIC
equal zero is the best model in SAR and
OLS. This absence of variation in the
AAIC and Akaike weights values mi-
ght be due to great amount of our data.
According to Richards (2005), AIC
ranks models depends on the amount
type of data, and simpler models often
rank highly when data are scarce. On
the other hand, more complex models
usually improve the ranking as more
data is collected. The same author also
points out that, the more data collected,
the less likely a useful simple model will
be judged best according to AIC.

What is the support for metabolic
theory under alternative data
analysis frameworks?

Our analyses of American amphibians
under the two alternative data analysis
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frameworks may be useful to define
further developments in both methodo-
logical and theoretical issues on MTE.
Classical hypothesis testing does not
provide strong support to the theory
when taking into account autocorrela-
tion in data, probably, because part of
the correlation between richness and
temperature may be due to intrinsic
spatial components. This suggests that
further developments may be necessa-
ry to establish data statements for
analysis (see Hawkins et al., 2007b)
and to establish expected slopes for
temperature taking into account its cor-
relation with other predictors, including
latent spatial structure and productivi-
ty variables (see Brown et al., 2004) in
a multivariate context.

Cassemiro et al. (2007) showed that
part of this correlation may also be due
to spatially structured variations, whi-
ch can be the cause of the non-statio-
narity in the relationship between ri-
chness and temperature, showed by
Geographically Weighted Regression
analysis (GWR). Another potential ex-
planation of non-stationarity is that the
effects of temperature on other varia-
bles that are assumed to be constant in
Allen et al.’s (2002) model (i.e., ave-
rage body mass and abundance) also
vary in space, generating then a syste-
matic lack of agreement with the MTE
prediction in some regions, but not in
others.

Until further developments for unders-
tanding the predictions of metabolic
theory in a multivariate context, a mo-
del selection framework seems to be
the best way to evaluate the role of
multiple predictors on species richness.
Analyses based both on OLS and SAR
suggest that temperature is of great
importance to species richness in New
World amphibians, although SAR co-
efficients in the multiple regression
model also do not represent direct su-
pport for metabolic theory. This may
be due to several reasons, especially
break with model assumptions such as
spatial variation in abundance and body
size (see Hawkins et al., 2007b). Also,
it is important to note that many am-

phibians species may thermorregulate
(Hutchinson and Dupré, 1992), there-
by not all species in this study can be
true ectothermics, as required for a
good test of metabolic theory. Thus,
this study provides the basis for further
refinements in the theory taking into
account the species physiology as well
as multivariate and multi-scale nature
of causal explanations for species ri-
chness.

Concluding remarks

There is no doubt that understanding
the origins of spatial autocorrelation
in geographical data is important both
to investigate the processes underlying
spatial patterns and to estimate para-
meters correctly. In this context, it is
important to realize that model selec-
tion procedures based on AIC values
may be also sensitive to the presence
of residual autocorrelation and, thus,
shifting from a classical hypothesis
testing to information theory or Baye-
sian approaches will not necessarily
‘eliminate the problem’ of spatial au-
tocorrelation in data. Despite this, our
analyses suggest that model selection
procedure using AIC based on OLS
and SAR models tend to find the same
models with a high number of predic-
tors, and with high certainty in model
choice. This may be due to great
amount of structure in our data, whi-
ch consequently leads to an easily in
establishing a rank of predictor impor-
tance. In general, temperature was
found to be an important predictor of
species richness in both frameworks,
although particular predictions of
MTE were not fully satisfied when
taking spatial autocorrelation into ac-
count.
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Abstract

The mechanisms underlying the latitudinal gradierdpecies richness remain
controversial. In this paper, in the context of atelic theory of ecology and
population genetics, we analyzed how environmegtaperature, through its effects on
individual metabolic rates, influences speciatiates in New World hylid frogs
measured by lineages-through-time plots basedphylageny with 92 species and
calculated for 20 regions covering the continene flnd a slope of 0.342 for the
linear relationship between hylid richness and terature, thus not supporting the
metabolic theory. The speciation and extinctioesdor hylid taxa suggest that there is
no latitudinal pattern in the evolutionary ratethAugh our analyses is not a direct test
of niche conservatism model, explaining richnesslgmts in hylids, it supports one of
their main predictions that speciation and extottiates will not be strongly structured
in geographic space. These resudticated that temperature is not ffrémary

determinant of speciation rate for hylid species.

Keywords:macroecology; gradient richness; speciation; ektingniche conservatism.
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I ntroduction

There is ongoing debate in the ecological litekaabout the mechanisms
involved in the origin and maintenance of the gapgical patterns in species richness
(Rohde, 1992; Rosenzweig, 1995; Gaston, 2000; @Kattet al., 2007; Willig et al.,
2003; Hawkins et al., 2003; Mittelbach et al., 200he general increase in species
number from the poles to equator is well knownrfast groups of organisms but,
despite two hundreds years of work (Hawkins, 20@Xpnsensus was not achieved and
numerous mechanisms have been proposed to exipéapattern.

Under the reasoning that there are strong reldtipasetween current climate and
richness at broad spatial scales (e.g., Hawkias ,2003), Brown et al. (2004)
developed the Metabolic Theory of Ecology (MTE [adter). In the initial model for
richness gradients derived from MTE, Allen et aD@2) proposed an explicit equation,
which shows that temperature affects the indivisluaétabolic rates and, consequently,
influences the species richness patterns, andatasonship have been broadly tested
and discussed (Hawkins et al., 2007a, b; Latim@72Gillooly & Allen 2007,

O’Connor et al., 2007; del Rio, 2008; Allen & Gitly, 2009). In a recently revised
model, a more complex evolutionary mechanism wagady postulating that
temperature and metabolic rates influence the teshpoolution, by affecting
generation times and mutation rates (Allen et28l06). Despite discussions about the
model fit, it is clear that metabolic theory difdrom many of the alternative
hypotheses for diversity gradients because it mékdyg precise and testable
predictions about the relationship between broategeatterns of species richness and

temperature (Hawkins et al., 2007a).
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Despite various studies that describe the formadrdity—climate relationships,
identification of the underlying causal mechanissnsot easy (Currie et al., 2004;
Evans et al., 2005a, b; Mittelbach et al., 200f)e Qossibility is the evolutionary-rates
or climate-speciation hypothesis (Rohde, 1978; 192999), which proposes that high
energy availability increases mutation rates, sppgeap molecular evolution and, thus
increases speciation rates and species richneseréftttal and practical difficulties
have limited the number of studies that have ingattd how rates of molecular
evolution and speciation vary with energy avail@pilCardillo et al., 2005).
Consequently, the extent to which the evolutiomatgs mechanism promotes species—
energy relationships is still unclear (Evans gt20005a) and it is not known whether the
rates of speciation and extinction also followt#uainal gradient (Weir & Schuluter,
2007).

The new model by Allen et al. (2006) proposed irddgg the evolutionary-rates
hypothesis with metabolic theory, using populagemetics neutral models to predict
how temperature influences rates of genetic diverge@mong populations and rates of
speciation. This model predicts that rates of giexi increase towards the tropics and
propose that metabolic rates of individuals arepiti@ary determinant of evolutionary
rates.

Wiens et al. (2006) examined the evolutionaryudainal diversity gradient for 121
hylid species around the world, testing the majedjztions of the “tropical
conservatism hypothesis”. According to this hypeibgethere are no continuous
geographical patterns of diversification rates ¢gen or extinction) through a time,
due to variable energy inputs, and richness pattappear instead because of climate
change forcing older lineages to occur (to be cwesh in tropical regions, that had

more time to diversification (Wiens, 2004; Wien&noghue, 2004; Wiens &
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Graham, 2005; see also Hawkins et al., 2007c fopad). They found that there is a
strong relationship between the frog species risb@eross geographic regions and
time when that region was colonized, but no retesiop between the latitudinal
position of clades and their diversification ratesleed, their study illustrated how
temperature may limit dispersal of many tropicaldels, and how a significant
phylogenetic conservatism appears during thesatrads.

In this paper, we evaluate if evolutionary rateglaix the latitudinal gradient of
diversity of New World hylid frogs using Allen’s at (2006) evolutionary approach, in
order to compare our results with those previooblgined by Wiens et g2006)
based on a different approach. We used speciegghttome (LTT) curves calculated
for distinct geographical regions to estimate dsiferation components (speciation and
extinction) based on a molecular phylogeny for 9ltddhspecies and analyzed how

environmental temperature is associated with thess.

M aterials and methods

We used a grid of 2391 cells with, 1° x 1° of ladi¢ and longitude covering the New
World to obtain the geographical patterns in spedEhness for 92 hylids species,
following the classification of Amphibiaweb (200@y generic-level taxonomy. The
species distribution dataset (i.e., extents of pecwce) was obtained from Global
Amphibian Assessment (GAA - s#¢CN et al., 200§ available at

http://www.natureserve.orgvhich is a highlighted organization, with a tegtsource

for information about various species groups. Tin@labian data set available at
Natureserve was used by researchers around the armalpublished in highly regarded

journals (e.g. Pounds et al., 2005). Besides, ligdhigs are an excellent to test the
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temperature effects on evolutionary rates, becthesehave been the recent subject of
intensive phylogenetic study and systematic rewi¢eog., Faivovich et al., 2005; Smith
et al., 2005; Wiens et al., 2005), because updatege maps are available for all
species (GAA), and because the hylid fauna atritexface between temperate and
tropical regions in the Northern Hemisphere haslespecially well studied
(Duellman, 2001).

Data in the 2391 cells were used to divide thedhggsemblages in 20 regions
(Table 1) across the New World, thus minimizing spatial autocorrelation effect and
allowing a more robust test of the temperaturecéffen evolutionary rates (see below).
To delineate these regions we emploifecheans cluster analysis (Legendre &
Legendre, 1998; Heikinheimo et al., 2007; 2009)gi$he presence-absence matrix of
92 hylid species that occur in cells in the mape Kkimeans clustering method is based
on a simple iterative process. The method is liEgd using a random assignment of
cluster centers. The first step of the procedute take each point in the data set and
associate it with the nearest cluster center msesf Euclidean distance. The second
step is to recalculate each cluster center by @isgjgt to the mean of the data points
associated with it. By repeating these two stageluster centers change their location
step by step and after a sufficient number of itens converge to a locally optimal
position in the data space. The final clusteringbtained by associating each data point
with the nearest converged cluster center.

The choice of the 20 regions (clusters) was basestatistic of the total error
sum of squares (TESS), that is, we performed théy/sis choosing different number of
clusters until to stabilize and minimize the TE88cause we want here to use the data
from each cluster to test MTE, we also want a retfit large number of clusters (i.e.,

are not focused on achieving a smallest numbelustears to facilitate the
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interpretation). Although it seems arbitrary, thisraot a consensus about the choice of
the number of clusters, and the choice of the tpamntof clusters using this statistic
TESS is one of the most common (Legendre & Legerid@®@8). We then calculated
the richness pool of the hylid species by summpeg®s occurring in each region,
which also was used in all analyses.

The main problem of calculating lineage-througheithTT) plots for spatial
units (cells, regions or biomes, of even broadéisisuch as continents) is that it is
impossible to decouple speciation and extinctiomfimmigration and emigration.
Although this problem occurs at all scales, itipexted that the problems are smaller
when using broader regions, as established by Kamelastering, rather than cells.
This approach allows us to understand the geograbt@lationship between species
richness and evolutionary rates. Thus, we are sigdiie species richness patterns and
evolutionary rates using geographical regions d@safianalysis, which contrasts with
Wiens et al(2006) approach, who focuses on evolutionary ratéylid clades (and
only “a posteriori” evaluates spatial patternshia telationship, by correlating rates with
clade latitudinal centroids).

To analyze the relationship between temperaturespadies pool richness (total
species richness per region), we followed recemkwa MTE (Allen et al., 2002;

Brown et al., 2004; Hawkins et al., 2@)®). According to the original version of the
model, the natural logarithm of species richn&®{ ectotherms has a linear
relationship with inverse of temperatufig.( More specifically, the model predicts that
when temperature is scaled t&T/whereT is temperature in Kelvin aridis
Boltzmann’s constant (8.62 x t@V), the slope for the regression of In(S) agalist
should fall between -0.6 and -0.7 (Brown et alQ£20see also Evans &Gaston, 2005,

for definitions). We obtained the average tempeeatoap from
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www.sage.wisc.edu/atlas, at 0.5° resolution (Neal.etL999), and upscaled them to the
1° grid cells, which were used to calculate the mteanperature for each region.

To test the new model proposed by Allen et al. @0®e used Wiens et al.
(2006) hylid phylogeny to estimate extinction apeaation rates, following the
lineage-through-time (LTT) approach (Harvey et H894; Nee et al., 1994; Rickefs,
2006) applied to the hylid assemblages within Zfdores. This allows mapping the
diversification components (speciation and extottiand relate them to temperature.

To obtain these rates, we first tallied the pggloy at each 5-Myr time interval
and counted the number of lineages at each tiroe.slthe LTT curve is then
constructed retrospectively from phylogenetic tlegsounting the number of ancestral
lineages back through time (Nee et al., 1992; Net. €1994, Baldwin &Sanderson,
1998).

In detail, the LTT approach constructs a curveugtoa plotwhere they axis is
the time (Mya) and the axis, the number of species (lineages) in that tiktcording
to Ricklefs (2006), thextinct lineagesn the LTT analysigre not perceived, and the
relationship between ancestral lineadég @nd time differs from the relationship
between lineage numb@X) and clade age)( Thus, the total number of lineages can be

described in the following way:

Ae(/‘_ﬂ)t —_ ﬂ

NE = ~

where, N is lineage numbet,is clade agel is speciation rate, and is extinction rate.
Due to extinct lineages are pruning from a phgtogof ageTl (the present), the

number of lineages ancestral to extant spedigsificreases alda = N(T)/N(T - t)

NA(t) = 2
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Whent is small,Na(t) increases exponentially as\NnI (A - wt. In the direction
of present, the slope ofNla comes near the speciation rat&d hus, the initial slope of
InNA with respect to time estimatéds-(i). Ast approacheg, the slope comes near
because recently formed lineages have progresdesdytime to suffer extinction.
Some studies showed (Harvetyal, 1994; Ricklefs, 2006) that the differeneg (
between the linear portionsNiit) and IrNa(t) curves is equal to -If{(- w)/ A], and this
expression can be rearranged of this ikay:(\ - p)/exp(a). Thus, knowingA -

M anda, one can estimatk and, by subtractiony . Thus, one can estimatdy
extrapolating the linear part of the realized LTdtpo the present (tim€) and
subtracting the extrapolated number of species fr@actual number of species
(Ricklefs, 2006).

According to Allen et al. (2006), the speciatioterper capita for a
“metacommunity” of individuals under species-extion dynamics (Hubbell, 2001),
given byv (species.individuaf.se¢), should scale inversely with the time to
speciationfs and should increase exponentially with temperatutbe same way as
individual metabolic rates ,

v=v e o@t)0B
wherev, is the speciation rates per individual per unitetigpecies.individuat'.sec')
andE is the average activation energy of the respiratongplex(= 065V ; leV=
1.602x 10™°J). Thus, to evaluate if the speciation rates iidHyogs increase
exponentially with temperature across our 20 regimovering the New World, we
performed an ordinary least square regression (QlitB)temperature as the
explanatory variable and estimated speciation fab@s LTT curves as the response

variable.
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Spatial analyses were performed in SAM (Spatiallysis in Macroecology;

Rangel et al., 2006), freely availablenatw.ecoevol.ufg.br

Resaults

The West and East of the U.S., the East of Brdml Andean region and North of South
America, are the regions that show the highestigpeichness pool (Fig. 1A). The
relationship between species richness and temperexpressed by KT is positive,
with a slope of 0.417 (Fig. 2). The temperatur&TLéxplained 68.5% of the variation
in the logarithm of species richness (P < 0,001th&ugh the temperature shows a
considerable explanation power, the slope valdig ifom predicted by metabolic
theory (Allenet al.,2002). These results show that hylid richnessiam®es with the
temperature decrease, following a different patbeym proposed by MTE. Thus, there
Is no relationship between richness and temperanhogeconsequently, ecological MTE
model does not apply.

(FIGURES 1, 2)

The slope of LTT plots indicate the overall divécsition rate of the group and
do not show clear geographical gradients followinpness, with diversification peaks
in the West coast of U.S. and in the Amazonianaregirig. 1). Decoupling these
diversification rates into speciation and extinetamponents, it is possible to see as
speciation as extinction rates are a bit highénenU.S. and in the Amazonian region
(corroborating the lack of linear latitudinal gradis) (Fig. 1C, D). These estimates are
not correlated with XIT (for speciation rate =0.006,b = 0.062, P = 0.734, (Fig. 3A,
B); and for extinction? = 0.006,b = 0.061, P = 0.744).

(FIGURE 3)
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Discussion

The hylids does not show a clear species richnatserp, with high species number as
in the temperate as in the tropical regions, oVjgteé largest regions (selected Ky
means) with high species richness were those Idgatine U.S. When it considers
regions instead of cells in the map, the speciesbaun in the specific area is
extrapolated to whole region. This can explaindigaificant hylid richness in the U.S.
On the other side, in the temperate regions amedooany hylid basal clades (Smith,
2005) and, consequently, this should have congtbta high richness in these regions.
We found no support for the central model of melialibeory (see Allen et al.,
2002; Brown et al., 2004). Although the correlatimiween temperature KI) and
species richness had been considerably strongtatistisally significant, the slope of
this relationship was positive (i.e. a negativerelation between temperature and
richness), showing slope value very different froradicted by MTE. According to
Hawkins et al. (2007a, b) temperature is not a gwedictor to species richness in low
latitudes, where there is a great amount of enavile in higher latitudes, energy
(with temperature being its variable more expremsis more important driver of
diversity (Whittaker et al., 2007; Hawkins et &003). Hawkins et al. (2007a, b) also
did not find support of MTE using a large numbermafependent datasets, but
Cassemiro et al. (2007) found that with New Worlidbhibians (including hylids), the
relationship between richness and temperature akeveat lower latitudes (see also
Algar et al., 2007), while in higher latitudes theta showed a reasonable fit to MTE.
This may help discussing the generality of MTE bgablishing in which geographical

domains Allen et al. (2002) model correctly preslicthness patterns.
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Despite the considerable discussion about theityahdd consistency of the
underlying assumptions of metabolic theory (seed3aet al., 2001; Cyr and Walker,
2004; Kozlowski & Konarzewski, 2004; Meinzer et @005; Clarke, 2006; Muller-
Landau et al., 2006; and more recently, Algar e2&l07; Allen & Savage, 2007; Allen
& Gilloly, 2007; Hawkins et al., 2007 a, b; Oconratral., 2007; Castro & Gaedke,
2008; del Rio, 2008; Stegen et al., 2009), Allealet2006) proposed a new model
based on a population genetics model, in an attéonpiovide an evolutionary basis for
MTE. This new model was tested here and we fouatigbeciation rates do not show a
defined pattern, and the model based on temperedimmot explain these rates.

Allen et al. (2006), testing the temperature infice on speciation rates in
Foraminifera, reported that speciation rates agldriin the tropics than in temperate
zones, and were significantly correlated with ageracean temperatures. In our
analyses, however, none of the evolutionary ratémated using LTT curves was
related to temperature and thus do not show cemsigeographical patterns. Thus,
these results did not suggest a strong effectnopéeature-dependent changes in the
speciation rate in hylids, making it unlikely thmagtabolic rates are not primary
determinant of speciation rates for these frogdednl, Wiens et al. (2006) examined
ranid frogs and also found no support for hypothekat ascribe higher speciation rates
to temperature-driven metabolic processes or tenmbense co-evolutionary
relationships (e.g., Schemske, 2002).

Also, it is important to realize that, temperataray be not the only
environmental variable that can generate geograptariation in speciation rates (see
Stegen et al., 2009). Several studies have shoa¢mthltiple ecological and historical
mechanisms contribute to latitudinal diversity geadl (Urbina-Cardona & Loyola,

2008; Hawkins et al., 2007a, b; Whittaker et @072 Currie et aJ] 2004; Hawkins et

12
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al., 2003; Ricklefs et al., 1999). Thus, it is likéhat speciation is also driven by
multiple factors, and not only temperature. EvanS&ston (2005), found that
environmental energy availability, temperature BiWradiation correlated positively
with evolutionary rates of flowering plants, asgioted by the evolutionary-rates
hypothesis. Clearly, additional data from more ggseand a broader range of taxa, are
required before the general nature of relationsbgig/een evolutionary rates and
energy availability can be discerned.

Also, high temperatures favor smaller-bodied sC#ala-Tarraga &
Rodriguez, 2007) that, while having lower totalrgryeexpenditure than larger species,
have higher metabolic rates per gram of body mdsdl@b, 2002). Thus, our results
could be more refined if we had considered thedsylbody size, which can vary
considerably (Amphibiaweb, 2008). It is possiblattavolutionary rates in hylids
species are also influenced by body size.

The extinction rates do not show a conspicuougpatthey are high both at
mid-temperate and tropical latitudes. The highretion rates in hylids at higher
latitudes is thought to be a consequence of grehteatic variability in temperate
regions (Wiens, 2007; Mittelbach et al., 2007; Bno&Lomolino, 1998; Willig et al.,
2003). The climatic instability of temperate reganay be important at both lo(g.g.
glaciation) and/or short (e.g., seasonal variahitémporal scales, and may be also
associated to a niche conservatism, as suggestatdns et al. (2006). The limited
geographic extent of temperate regions before Geo@xpansion may have
contributed to high extinction rates as well. Oa tither hand, the high extinction rates
in lower latitudes (tropical regions) may be expéal by geological change in these

regions, like the alteration in the Amazon rivertairse in the early Miocene (Costa et
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al., 2001), the rise of the Andes (Garzione et28l08) and the change from arid to
tropical climate during the Pleistocene (Bush &&ih, 2004).

Speciation rates, on the other hand, are highmgpe¢eate regions, probably
because many of the 614 basal clades of anuramsiararily temperate (Wiens, 2007).
Indeed, Smith et al. (2005) observed a tendencgdore hylid clades to show high
species richness at mid-temperate latitudes infggyrasia, and North America.
Therefore, the temperate regions could have bertitde for some hylid clades, which
probably dispersed to other regions. Converselihertropical regions (moextensive

until recently:~30—40 million years ago than temperate regionshifies had more

space and time for species richness to accumwbaieh also could explain the higher
hylid richness in the tropics, corroborating in ®what the niche conservatism
hypothesis (Wiens & Donoghue, 2004).

The speciation and extinction rates for hylids fsgghat there is no latitudinal
pattern in the evolutionary rates, and reveal tffeedlty in understanding what
processes drive the evolutionary rates in hyliccsgse The high speciation and
extinction rates could be due to or low extinctrates and high immigration or high
extinction rates and low immigration, respectivéiithough our analyses is not a direct
test of Wiens & Donoghue’s (2004) niche conservatisodel, explaining richness
gradients in hylids, it supports one of their maiiadictions that speciation and
extinction rates will not be strongly structuredgeographic space. However, this
expectation also appear under a purely climate madeecently proposed by Algar et
al. (2009), to explain patterns in hylids and thugher investigations may be necessary
to clarify the relative roles of historical and temporaneous factors driving species

richness patterns in this group.
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In summary, the evidence that temperature is ageélwith evolutionary rates
of hylids was weak and inconsistent in contragsheprediction of Allen et al. (2006).
The question of what determines speciation anchetibin rates is key for evolutionary
biologists, but multiple mechanisms probably dtive diversity latitudinal gradient
triggering richness patterns. Indeed, many orgaalistmaracteristics may influence
speciation rates, including body size, reproduatnasle, degree of specialization,
intensity of mate and migration rate (Coyne & Q@04). Therefore, a simple model
which uses only one variable to explain the spexiaiates of species at the

macroevolution scale will not fit the complex patiefound in nature.
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567 Tablel. Temperature (1/KkT), hylid richness and speciadiod extinction rates for 20

568 regions in the New World. (N = number of cells atk region).

Regions N Temperature Richness Speciation Extinction

1 45 39.06 16 0.278 0.236
894 41.17 32 0.989 0.939
3 5 39.15 13 0.053 0.007
4 27 39.38 8 0.296 0.260
5 154 40.12 10 3.707 3.666
6 31 39.15 8 0.252 0.225
7 6 39.09 15 0.104 0.065
8 277 39.19 14 1.603 1.570
9 13 39.30 15 0.145 0.107
10 24 39.05 8 0.180 0.157
11 8 39.66 14 0.098 0.057
12 7 39.82 11 0.098 0.067
13 138 40.42 10 0.416 0.381
14 270 38.97 11 1.437 1.415
15 76 38.86 13 0.936 0.904
16 75 39.64 12 0.631 0.600
17 15 39.50 15 0.164 0.125
18 95 39.30 14 0.827 0.792
19 224 38.83 13 2.979 2.950
20 7 39.31 9 0.083 0.050
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Fig 1. (A) Spatial pattern of Hylids richness in the N&orld. (B) Spatial pattern of
slope of the LTT curve (relationship between nundfdmeages and timeC) Spatial
pattern of speciation rates (Species’First Ocurevia’) and (D) Extinction rates

(Species M3).

Fig. 2. Relationship between In-transformed species rishio¢ hylids and temperature
for 20 regions covering the western hemisphere.pegature is expressed akT.,/

wherek is Boltzmann’s constant afidis average annual temperature in Kelvin.
Fig. 3. (A) Slope of relationship between species richrmegkspeciation rates (Species’

First Ocurrence M) as a function of average temperatur&T)L (B) Relationship

between In-transformed speciation rates and aveengperature (kT).
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Abstract.The Metabolic Theory of Ecology (MTE) is basedroadels derived frorfirst
principles of thermodynamics and biochemical kiceetind predicts that the relationship
between temperature and species richness of ectwtshould give a specific slapgdere we
evaluate whether the magnitude of the deviatioms fthe slope expected from the MTE’s
expected slope in empirical data is due to theatimhs in the model assumptions and lack of
generality. For New World amphibians, the MTE pogelil biodiversity patterns only at
higher levels of organization and when assumptadriee basic model were not violated.
About 60% of the predicted slope’s deviations ware to violations of the assumptions. The
hypothesis that richness patterns are a functi@neironmental temperature is too restrictive
and does not take environmental/ecological prosesse account. However, our results
show that it would be possible to obtain multipégidations of the MTE equation considering
idiosyncrasies in spatial, biological/ecologicaluss that are essential to understanding

biodiversity patterns.

Keywords: macroecology, diversity gradients, eaaths, body size, spatial autocorrelation,

temperature gradients, species richness, statioyari



INTRODUCTION

The decrease in species richness from the tropveartls the poles is one of the oldest and
most studied broad-scale biogeographic patterna/ita 2001). The so-called “latitudinal
gradients” in species richness occur across batirdilar habitats (Rosenzweig 1995, Willig
et al. 2003, Hillebrand 2004) and have been around fong time (Crame 2001, Mittelbach
et al. 2007). As these gradients have been thestubj many studies since theé™@entury,
many hypotheses have been suggested to explairotigéhs and maintenance (e.Bohde
1992, Willig et al. 2003, Hawkinat al. 2003, Mittelbacket al.2007). Recently, Brown et al.
(2004) proposed the Metabolic Theory of Ecology€aéer MTE) to explaim priori the
allometric scaling of metabolic rates and subsetiyeerived mechanistic explanations for
many ecological patterns, including the latitudigeddients of species richness (see Allen et
al. 2002, 2006).

According to the MTE, the latitudinal gradientssipecies richness are dioethe
increased kinetic energy in the tropics, being s of the more general group of climatic
hypotheses for this pattern (see Hawkins et al32CQQirrie et al. 2004). Based first
principles of thermodynamics and biochemical kiceetit the cellular level, Allen et al.
(2002) proposed a modtat starts by extending the assumption of eniergquivalencésee
Damuth 1987)n a local assemblage of ecotothermic organisnisclade the effects of
temperature driving the species’ metabolism. Tihey showed that if this pattern is extended
to vary along a temperature gradient, it followat ttihelogarithm of species richness should
be linear, with a slope between -0.7 and -0.6 (&bemperature is given akT/beingT the
temperature expressed in Kelvin dathe Boltzmann’s constant in eV, equal to 8.62 X;10
see Brown et al. 2004). More recently, Allen ef{2006) combined MTE and Kimura’s

(1983) neutral theory of molecular evolutiondieveloped a more general model in which the



higher input of energy in the tropics leads to @&ased mutation rates, driving evolutionary
rates and, thereby eventually to higher speciésess.

Despite this more complex evolutionary model, réckscussion around the empirical
fit of MTE to latitudinal diversity gradients isikfocused on the first model (see Hawkins et
al. 20074, b Latimer 2007, Gilloly and Allen 2007). It is imgant to realize that MTE
differs from most previous attempts to explaintiatinal gradients in species richness by
making fairly precise predictions about the relasioip between species richness and
environment (i.e., temperature), which, in prinejphakes the theory testable and falsifiable
(O’Connor et al. 2007, del Rio 2008). The testthefmany available hypotheses developed
to explain broad-scale richness patterns, on therdtand, are usually based on correlative
approaches and at most in trying to derive uniqediptions for correlations between
richness and different components of environmergghtion or historical processes
(Hawkins et al. 2003, Currie et al. 2004, Mittelbat al 2007). Unfortunately, the empirical
tests of the MTE applied to richness gradients Heeen controversial and the simple
equation provided by Allen et al. (2002) does re&rs to fit most empirical data (Hawkins et
al. 2003; see also Algar et al. 2007, Latimer 2007; butksaspari 2004, Marquet et al.
2004, Gillooly and Allen 2007).

According to del Rio (2008), the master equatiothefMTE has two components) (
an allometric component that predicts the relatgmbetween metabolism and body mass;
and (i) a thermodynamic component that characterizesftleet of metabolism and
temperature. Here we will emphasize a basic modileoMTE, based on its thermodynamic
component, as proposed by Allenal. (2002). Proponents of the MTE see these two
components as being linked, although it has beguearrthat this link may be tenuous

(O’Connor et al. 2007). More importantly, proporseatgue that if the MTE predictions are



correct, this implies that assumptions at loweelgyi.e., energetic equivalence rule) are valid
(del Rio 2008, Brown et al. 2004).

Inverting the above reasoning, perhaps at legsaiinlack of fit of empirical data to
the Allen’s et al. (2002) model (e.g., Hawkins 2807, b)may be caused by violation in
the assumptions and the restrictions of the mddellimits its generality and conceptual
domain. If this is true, it would be possible taide more complex equations to predict
richness along energy gradients. Indeed, as notéthtvkins et al. (2004, b), part of the
difficulty in applying the simple equation propodagAllen et al. (2002) to different datasets
is that the knowledge needed to verify whether &mental assumptions of the basic model
cited above are violated is lacking (although alfjioal applications and tests by Allen et al.
(2002) did not explicitly verify these assumpti@sswell). If the assumptions are too
unrealistic and are usually not satisfied, the the@os model will fail to correctly predict the
observed empirical pattern even when their basicipies are correct. Consequently, MTE
will be rejected not because of fatal conceptudheoretical flaws in its reasoning, but
instead because the theory’s application is extignestrictive.

Empirical tests of MTE applied to richness gradsesttould then try to take into
account different factors about assumptions, gdityeeand conceptual domain that would
lead to a false rejection of the model. First, ¢hare explicit assumptions of the model, and
the most important one is that is that average Ismby/and total abundance do not vary across
geographical space. Although it may be difficuletapirically test these assumptions,
especially for invariance of mean abundance, Adieal. (2002) point out that model should
be particularly robust against violations in thaseumptions. Moreover, these violations are
unlike to occur when dealing with large numberméaes and this leads to the prediction that
MTE tests must be conducted for broadly definedigso(except if it is possible to verify that

these two assumptions are not being violated).



Finally, because the model is derived based oeffieets of temperature in a local
assemblage and projected into the gradient, aridinfdtatistical) assumption is that the
same slope will appear across the gradient, anig#itern is stationary (see Cassemiro et al.
2007a). This also leads to the idea that, although teatpee alone may not be the only
explanation for richness gradients, other facterg.( productivity, habitat heterogeneity or
historical effects) do not interact with temperatand create discontinuities and more
complex patterns across the climatic gradient (tvioimuld be detected as non-stationarity)
(see Hawkins et al. 2003, Whittaker et al. 2007).

In sum, the MTE would be empirically tested onlyijfecthotermic organisms are
analyzed andii) for which richness patterns are evaluated at brghnization levels (i.e.
high taxonomic diversity) and for whighi) body size and abundance do not vary across
geographical space. The violations of any of tlesseimptions could result invalues
different of predicted by MTE. Thus, in this studg tested the generality of the MTE by
establishing where (in which geographical domaamg) at which organizational level the
theory correctly predicts spatial patterns in specichness. We examined how the spatial
patterns in species richness of New World amphg@m be predicted by the MTE using a
comparative approach and performing independets ¢SV TE predictions at distinct levels
of taxonomic hierarchy. Moreover, we tested theybgide invariance assumption, which is a
necessary conditiolor energetic-equivalence rule and evaluated ifaiiéty of the MTE to
correctly predict relationship between temperature species richness is associated with
biological properties (i.e., mean body size, gephi@range characteristics) of the species
group. In general, we examined the relationshig/ben richness and temperature and
evaluated quantitatively whether the magnitudéhefdeviations from the slope predicted by
Allen’s et al. (2002) model was a function of vitde of conditions required for the test.

Given that we found a relatively high amount of lexation for these deviations, our analyses



actually support MTE, under determined conditiassa valid (but restrictive) conceptual
model, and at the same time explain why it failegredicting empirical richness patterns.
This result indicate that it would be possible bdadn multiple derivations of the master
equation proposed by Allen et al. (2002) that ceoiporate more complex ecological and
evolutionary idiosyncratic characteristics of origams under analyses, which are essential to

describing and understanding species richnessrpgstte

MATERIAL AND METHODS

Species and environmental data

We divided the New World into 4187 grid cells (¥latitude and longitude). We obtained a
temperature map from www.sage.wisc.edu/atlasres@ution of 0.5° (New et al. 1999),
then resampled this map into 1° grid cells anddfi@mmed it into Kelvin units.

The distributions of 1344 species of amphibiangh@éNew World were obtained from

the Global Amphibian Assessment (GAA - $6€N et al. 2008available at

http://www.natureserve.ofygSpecies were classified into 41 genera, 21 famiB orders and
1 class, following the taxonomy available at Ampétzeb (see also, Hillis 2007). For higher
level groups, the latitudinal and longitudinal rarignits were estimated by overlapping the
geographic distribution of all species in the group

Body size data of 289 species were also extracted the Amphibiaweb database
(2008) and from our own Neotropical database (kme@lalla-Tarraga et al. 2009). We used
the maximum snout-to-vent length (SVL, in mm) fanuka, and maximum total length (TL,
in mm) for Caudata and Gymnophiona. In the casewrfial dimorphism, we used the female

length (although intraspecific variation will no¢ lessential when comparing all these broad



taxa). Because the distribution of animal bodysigeoften right skewed, arithmetic means
are strongly influenced by the presence of largeesspecies, and thus we calculated the
average body length after logarithmic transformativereafter called mean body size) based

on all species for which data was available irhgagonomic group.

Statistical analyses

We independently analyzed the effect of temperatarthe species richness of each
taxonomic group (Class, Order, Family and Genwdlpwing Allen et al. (2002) and Brown
et al. (2004). According to the thermodynamic madfeVITE, the natural logarithm of
species richness of ectotherms has a linear re&dtip with temperature. The model
specifically predicts that when temperature isesgtas T, whereT is temperature in Kelvin
andk is Boltzmann’s constant (8.62 x 16V), the slope for the regression should fall
between -0.6 and -0.7 (Brown et al. 2004). As ioviar et al. (2004), we used ordinary least
square regression (OLS) to find both the coefficadetermination and the empirical slope
of the linear relationship.

We analyzed the effect of region in the New Wonldvhich the MTE prediction was
found, by calculating the highest, lowest and mteamperature (XT) within the range of
each amphibian group. Following Cassemiro et &l07ad), we also analyzed the relationship
between richness and temperature using a Geogedighi¢eighted Regression (GWR; see
Fotheringham et al. 2002) for different amphibiaoups. GWR estimates the regression
parameters locally (i.e., at the cell level), allogvto evaluate the geographic patterns of
variation in the slope (non-stationarity) and howatches MTE prediction across geographic
space. A significant non-stationarity would appéarexample, if the overall idea that effects

of temperature (as a surrogate of energy; ClarkeGaston 2006) appears more clearly in



northern faunas (Hawkins et al. 2003, Whittakeale2007). GWR was fitted using a bi-
squared kernel, optimizing the Akaike Informationt€ion (AIC) to establish the bandwidth
for defining neighbors, and an F-value was usedédsbthe null hypothesis that the GWR
model represents no improvement over a global @ggession model. Also, the differences
between AIC values of OLS and GWR regressions (Al were used to analyze the
existence of spatial structure (non-stationariyjhie data.

In order to determine whether our data violatedMiid&= assumption that there is no
spatial variation in body size (or that this mustdalanced by population abundance), we
used mean body size of ten amphibian families ésw@erformed a Trend Surface Analysis
(TSA; Wartenberg 1985). TSA was used to modelealirtrend in broad-scale geographic
variations across the amphibians’ species bodyfsizeach family by pairing the species’
body size with the geographic range centroid (8gecific approach, sensu Gaston et al.
2008). We performed TSA with species body size dathused the coefficients of
determinationrf) of the TSA models as indicators of the variamcgéometric mean body
size that can be related to spatial coordinatess,Tthis analysis shows the relative
importance of a spatial trend for interspecificiaon in body size (Neter et al. 1996).

We also obtained the mean body size for each fathié/total number of species
(species pool) and the mean temperature withiigpleeies range. For the 10 more diversified
amphibian families and for which body size data @eailable, we performed simple and
multiple OLS regressions to evaluate which coresdttest explain the slope predicted by the
MTE. The correlates (explanatory variables) we ugere total richness, mean body size, the
coefficient of determination of TSA (body size tdsh, AlCsgwr (NON-Stationarity) and mean
temperature within the geographic range of theispegithin each family. As a response

variable, we used the slope of the relationshipvbeh temperature and species richness. This



allowed us to evaluate the impact of violating t@n assumptions of the MTE in the
estimated regression slopes.

Thus, with this analyses we aimed to determind: the estimated slope is
statistically related to body size differences agjlif the expected MTE slope is more likely
to occur when dealing with more diversified taxpif3he MTE can be found in more
temperate regions, or in regions where the envieiai gradients are stronger; 4) if families
for which non-stationarity in richness is detedid5WR tends to deviate from MTE

expectations. All analyses were performed in SAM(Rangel et al. 2006).

RESULTS

Richness patterns

Overall, the richness of Amphibians follows the M&lown latitudinal diversity gradient,
with high-richness cells concentrated in tropieaions (Fig. 1a, b). The linear regression
slope of temperature (@) on species richness is -0.673d4g%l= -0.682, -0.663; Fig. 1b).
The temperature alone KII) explains 77.4% of the variation in the logaritbfrspecies
richness, although a heteroscedastic distribut@anbe observed, forming a constraint
envelope common in macroecological data (see GastdrBlackburn 2000). The correlation
was significant at P < 0.043 according to Duttile1993) correction for spatial
autocorrelation. As the confidence interval for shape includes the value predicted by the
MTE (-0.6 to -0.7), our analysis with the entirea€8 Amphibia supports Allen’s et al. (2002)
model based on the metabolic theory, even consiglé¢hie effects of spatial autocorrelation.
However, the MTE predictions tend to be correcydat groups of species that are

broadly defined (higher organizational levels; FAg). The slope value for the entire Class
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Amphibia was equal to -0.67, but when we considerQrder level, slopes ranged from -
0.627 to -0.022 and only Anura fit the MTE predicti At the Family level, slopes varied
between -0.73 and 0.158 and only 3 out 21 analiaedies (Dendrobatidae, Hylidae and
Leptodactylidae) fit the MTE prediction. Finally, the Genus level, slopes ranged from -
0.711 to 0.428 and only two out of 41 genera wereectly predicted by the MTE (see
Supplement Table S1; Fig. 2a). Further, the caefiicof determination of the relationship
between temperature and species richness was higindhose groups that are broadly
defined (e.g., Class and Order; Fig. 2b), in acaonce with Allen’s et al(2002) idea that the
MTE prediction is not suitable for narrowly defingplecies groups.

The GWR analysis showed that MTE predictions facsgs richness vary across
geographical space (see also Cassemiro et alap0lie high values df andr? of GWR for
the entire Class Amphibia (of 1451.76 and 0.95ee8vely) showed that there was an
improvement of GWR in respect to the OLS model, #d a highly significant non-
stationarity was detected in the relationship. Taigern was mainly observed in groups that

are broadly defined.€. Class and Order; Supplement Table S1).

The effect of violating MTE assumptions

Spatial patterns in body size varied across fam{li@ble 1). For Salamandridae and
Proteidae, TSA showed considerable spatial stradtuthe datarf= 0.88 and 0.73,
respectively). Maps of body size patterns (not ghtavwonserve space). revealed that species
found in northern regions are larger, as expectetuBergmann’s rule (see Olalla-Tarraga
and Rodriguez 2007). Notice that the slope of éfetionship between temperature and
species richness for these two families is diffefeom that predicted by the MTE. On the

other hand, the spatial structure in the body sfzgher families, such as Hylidae,
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Leptodactylidae and Microhylidae, is weak £ 0.02, 0.17 and 0.2, respectively).
Interestingly, for these three families, the MTEwately predicted the slope of the
relationship between species richness and temperatu

The slope found in the relationship between spa@bsess and temperature follows
a pattern to some degree. In general, the slopeceegh (-0.7 - -0.6) is found in amphibian
groups with a higher species podi € 0.21;P << 0.001; Fig. 3). Moreover, when we
consider that the mean body size of each grougpearsed to explain the slope predicted by
MTE, the pattern is unclear. It seems that the MiTBetter for amphibians with smaller
body size than for larger ones, although this i@hahip is not significant (Table 1). Our
analyses also show that groups for which predisteples are observed tend to be distributed
betweenTmean38.96 and 40.95 &T,and these indicate the subtropical climates and
mountainous (Andes) regions with mild temperatsee Supplement: Table S1). This is
strong evidence that the other potential driverdieérsity patterns in Amphibians, besides
temperature, as observed in our GWR analyses, dgvawy in space, and this way may be
structured at a regional scale.

However, the OLS multiple regression (Table 2) lnd@rved slope against all these
correlates across the 10 families for which motta eas available shows that the variables
mean body size, spatial structure of body sizef(TSA, species richness, Alsgwrand
mean temperature explain 60.8% of variation ofslpredicted by MTE. The OLS regression
showed that species richness is the predictorariaith the largest effect, explaining alone
55.5% of the variation of the slope found, followsgdmean temperature (27.7%) 0of TSA
(24.5%), mean body size (23.4%) and AdGwr (1.6%). Thus, Allen’s et al. (2002) model

tends to fit data mainly when dealing with veryetsified groups in temperate regions.

DISCUSSION
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We found support for the thermodynamic model of M$&e Allen et al. 2002, Brown et al.
2004) when we analyzed species richness patterfsdadly defined taxonomic groups, such
as class and order, which supports the theoryrgtigies to high taxonomic levels.
However, the local regression analysis using GWiRated considerable non-stationarity,
indicating that the fit of MTE models for richnes® not the same across different regions
(see Cassemiret al.2007a). This result calls attention to an important gassue that

Brown et al. (2004) did not explicitly take into account andttmay reflect an overall
macroecological pattern - temperature may be mop®itant in northern temperate regions
(Hawkins et al. 2003, Whittaker et al. 2007).

The assumption of spatial stationarity for a roliast of the MTE should be
considered. More complex spatial structures weeendked when performing GWR analysis
or other types of spatial regression (also seedbaiss et al. 2005). Indeed, spatial
autocorrelation intrinsic to species richness niape Cassemiret al. 2007b) may cause
potential problems in testing the MTE. If spatiat@correlation is left in OLS regression
residuals, hypothesis testing may be biased aheérit becomes necessary to adopt an explicit
spatial regression approach to test hypotheseamicydar values of the regression slope.
Besides, both non-spatial (e.g., OLS) and spa@assion (e.g., autoregressive) models
assume that the relationship between responseraditior variables applies equally to the
entire study area (spatial stationarity) and thesides an “average” of the entire area. Thus,
although violation of the stationarity assumptiorspatial regression may create difficulties
in generalizing their results and thus in the aggtion of models that incorporate non-
stationarity, which may be useful in revealing mooenplex spatial structures when we test

the MTE predictions (see Jetz et al. 2005). Evemnsour multiple regression analysis with
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New World amphibians, showed that the effect of-atationarity is not strongly correlated
with deviations from the predictions of the MTE.

Moreover, when deconstructing species richnessdbas¢axonomic levels, we found
that the causes of the underlying spatial patterasnphibian richness may be not so simple.
The slope of the relationship between species esfiand temperature at higher taxonomic
levels is consistent with that predicted by the MTEherefore, when the species pool is large,
temperature affects richness as predicted by thE,MEhough non-stationarity is still
observed. In contrast, for narrowly defined grouige, most families and genera, temperature
did not explain species richness patterns and wedeslopes diverge widely from the
expected slope. Even so, in species-rich groupe 8teuld be a smaller variance in the
spatial pattern of species richness than in spges groups. Consequently, it is expected
that the slope predicted by the MTE fits bettemiore diversified groups, even at lower
taxonomic levels.

del Rio (2008) suggests that support for the MTtumd only in higher levels of
organization for several reasons: the equation cagyure the effect of variation only at lower
levels; this may allow simpler models of upper-lgsi/eenomena to be built; and, likely,
because the metabolic equation of the MTE may leesach sufficient parameter or equation.
If sufficient parameters are based on a robuslitébey can lead to descriptions of upper-
level phenomena that are independent of the fiteald®f variation at lower levels (del Rio
2008). Even so, in their seminal paper about thé&Mfedictions, as well as in subsequent
papers, Browret al. (2004) warn about the use of correct data to edalthe MTE, in which
body size and abundance must be spatially invaridlikewise, Hawkins et al. (2087b)
also stressed the importance of evaluating hovatr@mis in underlying assumptions will

affect the shape of the relationship between spemhaness and temperature. Data on
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abundance at broad spatial scales is difficultaimio, especially for many different species,
but it is possible to test patterns in body siz® (glso below).

The spatial variation of body size was clear in@sults. In general, families that
showed high spatial structure in body size alsavelild values far from the MTE prediction,
whereas those that showed a low spatial variatidrody size, tended to better fit the slope
predicted by the MTE. In fact, the invariance ofl@ize across geographical space seems to
be decisive for a good fit of the MTE in our amphibdata because families with a larger
body size showed high spatial variation, while feasiwith smaller body sizes show the
reverse trendAccording to Olalla-Tarraga and Rodriguez (2087@,body size of
amphibians increases towards the north followilgear Bergmann’s rule gradient for
anurans. Aside from the violation of this assummptitie high richness of small-bodied
species in lower latitudes and large-bodied spenibgher latitudes probably leads to a
variation in abundance as well (Lawton 1990, Staes and Lawton 1998), which is not
favorable for the MTE (Allen et aR002).

Thus, knowing how body size varies along tempeeaguadients will allow a more
generalized version of the model of Allen et(2D02) to be developed. Based on the
equations in Allen et al. (2002), if average bodyssichanges across a temperature gradient,
then nonlinear relationships between temperatudespacies richness can be expected.
However, these issues may be critical for undedstgnhow violating the assumptions of
body size and density invariance affects predistioithe model (Hawkins et al. 20§)71n
their paper with North American amphibians, Allérak (2002) found support for MTE
predictions, although they ignored many of theesstited above.

Our analyses revealed that the species pool isréictor variable with the strongest
effect on the slope predicted by the MTE, follovilgdmean temperature within species

ranges, body size patterns and, finally, spatractire. When modeling the effects of these
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variables against observed slopes for the reldtiprizetween richness and temperature, we
observed that approximately 60% of the predictedesk deviations from that of the MTE are

a function of violations of the assumptions. Tharsalyzing poorly diversified groups and
groups with clear spatial patterns of variatiomauy size provides a lack of fit between
observed data and the MTE predictions. In genetaén these assumptions are respected, the
probability of finding the expected slope valudigher. However, 40% of variation in the
observed slopes in our analysis was not explaigeddbating the assumptions measured

here.

Aside from the issue of violating assumptions cabdve, it is important to emphasize
that other factors (environmental/ecological) mafjuence species richness patterns as well,
and that even proponents of the MTE did not cldiat temperature is the only driver of these
patterns. Meehan et al. (2004) suggest that a nvaaieh includes temperature KIj), body
mass and productivity explains patterns of spatbbsiess better than temperature alone.
Indeed, temperature is not a good predictor ofisgetchness in low latitudes where there is
a large amount of energy, while in higher latitudasergy is a more important driver of
diversity (Whittaker et al. 2007, Hawkins et al030). Thus, for both species richness patterns
(Hawkins et al. 200&, b) and body size (Rodriguez et al. 2008), tempegatunot considered
to be a unique, or even important, predictor vaeiabo explain the body size spatial pattern,
the “heat balance hypothesisefisuBlackburn et al1999), which takes into account
temperature, evapotranspiration and light inpuheenvironment, seems to be the most
suitable for amphibians (Olalla-Tarraga and Rodsig007). This may explain why our
model to predict deviations in the observed slope®t fully explained by deviations in the
assumptions.

Furthermore, other studies have shown that mulaptdogical and evolutionary

mechanisms contribute to the latitudinal divergitggdient (Ricklefs et al. 1999, Currie et al.
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2004, Hawkins et al. 2003, Cassemiro et al. BOBlawkins et al. 200%, b, Whittaker et al.
2007, Urbina-Cardona and Loyola 2008). Thus, ikedy that species richness is also driven
by multiple factors, and not solely by temperatame water. For instance, Allen et al. (2006)
proposed integrating the evolutionary-rates hypstheith metabolic theory, using
population genetics models to predict how tempeeanfluences rates of genetic divergence
among populations and rates of speciation. Thisaihedicts that rates of speciation
increase towards the tropics, and proposes thathuolkt rates of individuals are the primary
determinant of evolutionary rates (see also Alled &illooly 2006, for more recent
derivation of the MTE see Allen and Gillooly 2009ang et al. 2009).

In summary, we tested the generality of the MThia study by establishing in which
situations the theory correctly predicts spatidtgras in species richness. We found that for
amphibians, the MTE is able to predict speciesngsls patterns only at higher levels of
organization and when assumptions of the basic havdenot violated. Given that these
assumptions are hardly found in nature, it is clemm our analyses that the hypothesis that
richness patterns are a function of environmeetalpterature on the energy kinetic of
organisms is a simplified assumption that overlomtkeer operative processes
(environmental/ecological). Our analyses show pinaponents of the MTE are paying the
cost for establishing restrictive assumptions #nathard to test in the real world and that
create difficult problems for testing the modeheTdebate around the empirical validity of
the MTE would produce different results if assurops$ were strictly valid and thus a
restrictive model could be applied. However, beeauslations in the assumptions explained
a relatively large amount of the deviation from é&xpected slope, it is possible to maintain
the key principles of the MTE and obtain multipkrigtations of the master equation
proposed by Allen et al. (2002), in order to braatlee theory’s application. These

derivations can take idiosyncrasies in spatialldgical and ecological issues into account,
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which are essential to describing and understangfiegies richness patterns (see also Agutter
and Wheatley 2004). We agree with del Rio (2008) gnogress in the MTE depends on
expanding the family of models that constitutettieory, as much as on the rigor with which

we contrast its predictions with data and experiaesults.
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TABLE 1. Explanatory variables of the slope expected utideMetabolic Theory of Ecology

for ten amphibian families of the New WorIcB_S: Mean body size; n = number of species
with body size data? = coefficient of determination showing the bodyesspatial structure
obtained by Trend Surface Analysis (TSA); S = specichness; Tmean = mean temperature
(1/kT) within the range of each family; Alcs - cwr = difference between the Akaike
information criterion obtained by ordinary leastiatg and geographically weighted

regressions; d3s slope of the relationship between temperatud€ljland species richness).

TSA
Families BS n r2 P S Tmean Algis-cwr Bobs
Ambistomatidae 146.62 8 0.27 0.242 16 41.82 904.926 -0.132
Bufonidae 86.12 32 0.24 0.019 117 4048 977.13 73.2
Centrolenidae 2858 10 057 0134 43  39.25 83.873  .0940
Hylidae 5212 73 0.02 0.233 297 39.99 2872.136 19.6
Leptodactylidae 71.06 30 0.17 0.027 433 39.39 Y. -0.730
Microhylidae 39 13 0.2 0.256 44 39.15 770.178 -0.57
Plethodontidae  158.8968 0.21 0.003 113 40.28 782.418 0.123
Proteidae 262 5 073 0.028 5 40.89 14.162 -0.019
Ranidae 8596 22 0.02 0597 38 41.23 3066.506 50.01
Salamandridae  157.336  0.88 0.065 6 40.93 33.124 -0.015
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TaBLE 2. Coefficient of determinationjrand standardized partial slope (with correspamdin

P-values) of the observed slope according to Mg $pecies richness against temperature)

against each of the six explanatory variables,gudata from ten amphibian families (see

Table 1). The Rat the end of the table indicates the coefficirtetermination of all MTE

slope against all explanatory variables.

i

Explanatory Variables r Standardized Partial Slope P
Species richness 0.555 -0.594 0.013
Temperature mean 0.277 0.093 0.164
Body size 0.234 0.134 0.157
2 0.245 0.137 0.146
AlCois - cwr 0.16 0.027 0.251
Multiple R? 0.608 -1.499 0.429

*r* = coefficient of determination showing the bodzesspatial structure obtained by Trend

Surface Analysis (TSA).
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FIGURE LEGENDS

FiG. 1 (a). Relationship between In-transformed spaganess of amphibians and
temperature for 4187 cells (1° x 1° latitude-londi), covering the American continent.
Temperature is expressed asTlLivherek is Boltzmann’s constant afidis the average
annual temperature in degrees Kelvin; and (b) Sppé#tterns of Amphibian richness (In

the New World.

) in

FiG. 2 (a). Relationship between various organizatitexals of amphibians and the slope of

(In-species richness and temperatur&T)/ and (b) Relationship between various
organizational levels of amphibians and the coiefficof determination ¢y of the

relationship between In-species richness and teatyrer (1KT).

FiG. 3 Relationship between species richness of amptslgeoups and the slope of (In-

species richness and temperatur&Tf)/of the OLS regression.
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