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APRESENTACAO

“The scale of an investigation may have profound effects

on the patterns one finds” Wiens, 1989

A distribuicdo das espécies no espaco tanto geografico quando ecoldgico poderia ser
observada por lentes com poder de resolucdo e abertura dptica diferentes. Com maior abertura e
menor resolucao poderiamos ver, por exemplo, se a ocorréncia de uma espécie de morcego
insetivoro no continente americano esta relacionada a temperatura média anual dessa regiao.

Com menor abertura e maior resolucdo poderiamos observar se essa espécie tem preferéncia por
forragear proximo a rios de dguas calmas, em vez de turbulentas, pois isso significa menos ruidos,
interferindo na deteccdo de insetos por ecolocalizacdo. O primeiro exemplo estaria em uma escala
regional, enquanto gque o segundo, em uma escala local. A escala da paisagem € intermediaria entre
as duas citadas acima. Uma paisagem € grande o suficiente para abrigar varios elementos locais
como, por exemplo, fragmentos com diferente uso do solo, e a0 mesmo tempo ter resolucédo grande o

bastante para permitir a distin¢do entre esses elementos (Figura 1).

Dentro desse contexto essa tese tem como foco principal explorar as consequéncias das
mudancas que ocorrem nas paisagens sobre a ética da diversidade de morcegos. No primeiro
capitulo, foram explorados os efeitos das diferencas na estrutura da paisagem sobre a riqueza, a
abundancia total e a variacdo nas caracteristicas biologicas de morcegos. A estrutura da paisagem,
neste capitulo, foi dividida em dois componentes: a quantidade de habitat e a fragmentacao do
habitat. Apos explorar como as variaveis na escala de paisagens afetam a diversidade de morcegos, a
escala em que 0s morcegos estavam sendo observados foi reduzida, no segundo capitulo, para

permitir uma contraposicdo entre os efeitos das variaveis locais e variaveis da paisagem na ocupacgéo
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de morcegos. No segundo capitulo, verificamos se varidveis locais como densidade de arvores,
altura do sub-bosque, cobertura da copa e presenca de lianas contrapostas a variaveis da paisagem
como quantidade e fragmentacgdo de habitat, podem ser preditoras da probabilidade de ocupacdo de
oito espécies de morcegos em um local. O terceiro capitulo foi desenvolvido para todo o bioma
cerrado, com uma visdo mais ampla de como areas climaticamente adequadas, para oito espécies de
morcegos, seriam afetadas por alteragdes na escala de paisagem relacionadas a perda de habitat e a
fragmentacg&o nessas paisagens. Esses trés passos permitiram uma visao diferenciada das ameacas
que os morcegos podem sofrer devido a alteracfes na escala da paisagem, sem ignorar conexao entre
as escalas e resolugcfes. Apesar da escala de paisagens ter sido o objeto central desse estudo, a
conexdo com mudltiplas escalas permite um melhor entendimento dos processos que levam a perda de

espécies e/ou a diminuicao da abundancia de morcegos decorrente das alteracdes nas paisagens.

Figura 1: A escala regional é representada por

ESCALA
REGIONAL 2% ESCALA DE .
—— &7 \ rasacens UM estudo que desenvolveu um modelo de nicho
s
L. ecologico para uma espécie no bioma Cerrado. A

escala de paisagens compara paisagens com

diferentes niveis de perda de habitat. A escala
® ESCALA

@,/ LocaL
o| |

local explora caracteristicas de um dos

.. elementos da paisagem.
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RESUMO

Esse trabalho teve como objetivo explorar alguns componentes das respostas dos morcegos a
mudancgas na estrutura da paisagem. Morcegos foram amostrados em 18 fragmentos florestais
durante quatro noites. Foram delimitadas paisagens com entre 500 metros e 10 km de raio a partir do
local de amostragem. Métricas de dois componentes da paisagem foram medidas nestas paisagens: a
quantidade de vegetacdo natural e a fragmentacdo dessa vegetacdo (medido como o nUmero de
manchas). No primeiro capitulo testamos o efeito desses dois componentes na abundancia total,
riqueza de espécies e variancia em tracos bioldgicos de morcegos. No segundo capitulo verificamos
se essas varidveis eram mais importantes do que variaveis locais para determinar a probabilidade de
ocupacao de oito espécies de morcegos. As variaveis locais foram obtidas em trés quadrantes no
local de amostragem de morcegos, onde se obteve a densidade de arvores, altura do sub-bosque,
quantidade de lianas e, cobertura do dossel. No terceiro capitulo, a adequabilidade climatica das
espécies no Cerrado foi contraposta com dados espacializados da quantidade de vegetacdo natural e
fragmentacdo. Essa contraposicao teve como o objetivo predizer a vulnerabilidade de espécies se elas
fossem sensiveis a um limiar de perda de habitat ou fragmentacdo na paisagem, além de mostrar de
forma geral a exposicdo as mudancgas na paisagem das areas climaticamente adequadas para oito
espécies de morcegos. Observa-se, de uma forma geral, padrfes idiossincraticos de respostas a perda
de habitat e fragmentacdo em morcegos. A abundancia total é positivamente relacionada com a
quantidade de habitat, enquanto que a riqueza de espécies, a variancia na massa corporal € o nimero
de guildas sdo negativamente relacionados com a fragmentagcdo. A probabilidade de ocupacdo de
Sturnira lilium é positivamente relacionada com a quantidade de habitat, enquanto que a
probabilidade de ocupacdo de Myotis nigricans é negativamente relacionada com a fragmentacao.
Outras seis espécies ndo mostraram uma clara relacdo da probabilidade de ocupa¢do com a estrutura
da paisagem. Areas do sul do Cerrado sdo locais com maiores valores de adequabilidade e, ao
mesmo tempo, maiores exposi¢cbes as mudancas na paisagem. Os resultados dos trés capitulos
fortalecem uma vis&o na literatura de que o padréo de respostas das espécies de morcegos a perda de
habitat e fragmentacao é especifico para a espécie e para o0 componente de diversidade medido. Esta
afirmacgéo reforca o argumento de que um maior conhecimento sobre os fatores que determinam
essas respostas € necessario, porém ndo inviabiliza o desenvolvimento de estratégias regionais de

conservagao utilizando o conhecimento ja disponivel na literatura.
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ABSTRACT

Our aim was to explore some components of bat responses to land-use changes. Bats were sampled
in 18 forest patches during four nights. Landscapes were delimited with 500 meter to 10km radius
from sample site. We took metrics of two different landscape components: natural vegetation amount
and fragmentation (measured as number of patches). In the first chapter we tested the effect of such
components in total abundance, species richness and variance in biological traits of bats. In the
second chapter we verified if those variables were more important than local ones to determine
occupancy probability of eight bat species. Local variables were tree density, understory height, liana
quantity, and canopy cover. In the third chapter we counterposed species climatic suitable areas with
spatial data about habitat loss and fragmentation in Cerrado. We predicted species vulnerability
creating scenarios in which they were sensitive to habitat loss and/or fragmentation, furthermore we
showed an overview of species suitable areas exposure to land-use changes to eight bat species. We
observed idiosyncratic patterns of responses to habitat loss and fragmentation in bats. Abundance is
positively related to habitat amount, whereas species richness, variance in body mass and number of
guilds is negatively related to fragmentation. Occupancy probability of Sturnira lilium is positively
related to habitat amount, whereas occupancy probability of Myotis nigricans is negatively related to
fragmentation. Six other species did not show any clear relationship between occupancy and
landscape structure. South areas of Cerrado are locales with higher climatic suitability, while still
having higher exposure level to land-use changes. Our results strengthen the view that species
response patterns to habitat loss and fragmentation are species-specific and also diversity metric
specific. Such assertion reinforces that it is necessary an improvement in knowledge about factors
that determine those responses, however it does not mean that the development of regional

conservation strategies is unfeasible when using the current available knowledge in literature.
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INTRODUCAO GERAL

Os efeitos da expansdo da exploracéo do solo sob as espécies foram amplamente abordados,
utilizando o arcabouco tedrico do equilibrio insular, na Biogeografia (Haila 2002). Segundo esse
arcabouco, o tamanho das manchas de habitat e o isolamento das mesmas s&o tratados como as
principais variaveis explanatdrias do impacto das mudancas do uso da terra sob as espécies. Esta
abordagem permitiu um grande avanc¢o no entendimento das consequéncias da expansao agricola nas
comunidades naturais. Entretanto, um problema questionado na literatura com relacéo a essa
abordagem é o pressuposto de que a mancha possui uma comunidade delimitada (Fahrig 2013;
Ricklefs 2008), por considerar eventos de imigracdo e emigracdo entre manchas de habitat, mas ndo
movimentos diarios ou sazonais entre as manchas. Recentemente, a proposta de que os efeitos do uso
da terra deveriam ser abordados na escala da paisagem ao invés da escala da mancha tem recebido

cada vez mais atencdo (Fahrig 2013), embora ainda seja tema de controvérsias.

A ecologia de paisagens tem como principal objetivo a compreensao dos efeitos da estrutura
das paisagens sobre a biodiversidade (Turner 2005). A estrutura das paisagens poderia ser dividida
em dois componentes principais: composicao e configuracdo da paisagem (Fahrig 2005). A
composicao da paisagem € a proporcao relativa de elementos da paisagem; por exemplo, cobertura
florestal ou quantidade de rodovias. A configuracdo da paisagem € a distribuicdo desses elementos
na paisagem, por exemplo, nimero de fragmentos e a forma dos fragmentos. Sendo assim, a perda de
habitat representa uma mudancga na composicdo da paisagem, enquanto que a fragmentacéo, ou a
subdivisdo do habitat, representa uma mudanca na configuragdo da paisagem. A expansao do uso da
terra por humanos é um dos principais causadores de perda de espécies no mundo (Murphy &

Romanuk 2014). Essa expansdo é acompanhada tanto pela perda de habitat
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quanto pela fragmentacdo de habitat, porém existe alguma polémica na literatura sobre os efeitos

desses dois componentes em separado nas comunidades (Fahrig 2013; Villard & Metzger 2014).

Como consequéncia das tendéncias citadas acima, estudos sobre os efeitos das mudancas no
uso do solo nas espécies de morcegos estdo repletos de uma miscelanea de conceitos, métodos,
métricas de paisagem e escalas. Muitos estudos compararam a diversidade de morcegos em areas
continuas, fragmentos e na matriz antropizada (Estrada & Coates-estrada 2002; Faria et al. 2006;
Henry et al. 2007; Medellin et al. 2000). Estes estudos reuniram importantes informacdes sobre a
permeabilidade da matriz e sobre preferencias de habitat para morcegos, mas tiveram grandes
divergéncias nos resultados, tanto para diferentes tdxons, quanto para diferentes localidades. Garcia-
Morales et al. (2013), em uma meta-analise sobre o tema encontrou poucos padrfes que pareciam
congruentes, um exemplo é que morcegos insetivoros e carnivoros sdo mais dependentes de
ambientes florestais do que frugivoros e nectarivoros. Nos Gltimos anos houve uma tendénciat de
desenvolvimento de estudos utilizando a escala da mancha, da paisagem ou ambas para avaliar 0s
efeitos da fragmentacado e perda de habitat nos morcegos (e.g. Cisneros et al. 2014; Duchamp &
Swihart 2008; Ethier & Fahrig 2011; Mendenhall et al. 2014). Novamente, esses estudos mostraram
resultados com grandes disparidades, dificultando a obtencdo de uma regra geral para o efeito das
mudancas nas paisagens nos morcegos. A grande quantidade de métricas de estrutura de paisagens

disponiveis aumenta ainda mais a diversidade de possiveis resultados.

Efeitos positivos da quantidade de habitat em comunidades de morcegos séo encontrados
frequentemente (Avila-Cabadilla et al. 2012; Duchamp & Swihart 2008; Ethier & Fahrig 2011;

Ripperger et al. 2013), apesar de comuns 0s estudos que mostram nenhum efeito dessa variavel ou
1 tendéncias nos estudos sobre os efeitos da mudanca na estrutura da paisagem em morcegos foram avaliadas através de
uma busca na base de dados “ISI Web of Science” (Institute for Scientific Information), utilizando as palavras-chave:
“‘bat OR bats OR Chiroptera’ AND ‘fragmentation OR habitat loss OR land-use OR landscape®’” , para os ultimos 10
anos (entre 2004 e 2015) . Foram encontrados 1124 estudos, mas ap6s uma avaliagdo cuidadosa, restaram somente 42

trabalhos empiricos sobre o tema.
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mesmo efeitos negativos (Klingbeil & Willig 2010; Mendenhall et al. 2014). Na auséncia de uma
relacdo positiva da quantidade de habitat com a abundancia ou riqueza de espécies, as explicacdes
mais comuns englobam o possivel uso da matriz como fonte de recursos pela espécie e uso das
bordas como fonte de recursos. Efeitos negativos e positivos da fragmentagdo em morcegos sao
encontrados em uma frequéncia similar entre os estudos (Ethier & Fahrig 2011; Frey-Ehrenbold et
al. 2013; Gorresen et al. 2005). Efeitos negativos sdo associados com sensibilidade a borda,
dependéncia de fragmentos grandes ou baixa capacidade de atravessar a matriz para explorar a
paisagem (Klingbeil & Willig 2010). Efeitos positivos incluem o aumento da heterogeneidade da
paisagem que pode contribuir para um aumento dos recursos ou mesmo a diminuicdo da distancia
entre recursos (Ethier & Fahrig 2011). Essa variedade de resultados é ainda mais interessante quando
notamos que a maioria dos estudos empiricost sobre os efeitos das mudanc¢as no uso da terra em
morcegos foram realizados com dados da regido Neotropical (e.g. Cisneros et al. 2014; Gorresen et

al. 2005; Klingbeil & Willig 2010; Mendenhall et al. 2014).

Um problema adicional nos estudos que usam a escala da paisagem € a delimitacdo do
tamanho da paisagem em questdo. Uma solucgdo interessante ao problema é o uso de um tamanho de
paisagem que faca sentido com o organismo em questdo, e que seja congruente com o tamanho da
area de vida (Jackson & Fahrig 2012). Outra solucdo é utilizar maltiplas escalas de forma a encontrar
a melhor escala para relacionar variaveis da paisagem com o organismo (Martin & Fahrig 2012). Os
estudos com morcegos tém grandes diferencas no tamanho das paisagens medidas?, desde 100
metros até 25 km de raio (Frey-Ehrenbold et al. 2013; Lopez-Gonzaélez et al. 2014). Os estudos que
avaliaram varias escalas mostraram resultados divergentes para diferentes escalas, enfatizando a
1 tendéncias nos estudos sobre os efeitos da mudanca na estrutura da paisagem em morcegos foram avaliadas através de
uma busca na base de dados “ISI Web of Science” (Institute for Scientific Information), utilizando as palavras-chave:
“‘bat OR bats OR Chiroptera’ AND ‘fragmentation OR habitat loss OR land-use OR landscape®’” , para os ultimos 10

anos (entre 2004 e 2015) . Foram encontrados 1124 estudos, mas ap6s uma avaliagdo cuidadosa, restaram somente 42

trabalhos empiricos sobre o tema.
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possibilidade da existéncia de resultados espurios em estudos que podem ter utilizado escalas néo

adequadas.

Variaveis ambientais medidas na escala da paisagem ou local podem ter um poder de
explicacdo maior do que variaveis climaticas na diversidade de morcegos (Estrada-Villegas et al.
2012; Lopez-Gonzalez et al. 2014; Mehr et al. 2011). Estas evidéncias reforcam a importancia do
entendimento de como 0s morcegos respondem as mudancas atuais no uso do solo e qualidade de
habitat. As mudancas no uso do solo incluem a diminui¢do da quantidade de habitat e fragmentacéo
do mesmo na paisagem (tratadas anteriormente). A qualidade de habitat é espécie-dependente e pode
incluir a cobertura do dossel, quantidade de arvores frutiferas, quantidade de abrigos disponiveis ou
menor nimero de obstaculos para o voo (Estrada-Villegas et al. 2012; Scott et al. 2010). A
importancia relativa de variaveis locais e da paisagem nas comunidades de morcegos € ainda pouco
explorada na literatura (e.g. Estrada-Villegas et al. 2012), mas de profunda importancia para o

entendimento da distribuigdo dos morcegos na paisagem.

A aplicacdo do conhecimento sobre o efeito da estrutura da paisagem nas espécies em
estratégias regionais de conservagdo permitira um consideravel avango nas técnicas de manejo para a
conservacao e priorizacdo de regides (Opdam & Wascher 2004). Alguns avangos ja tém sido feitos
integrando processos regionais com quaisquer dados sobre a estrutura da paisagem (Betts et al. 2014;
Dawson et al. 2011; Faleiro et al. 2013; Reino et al. 2013), mas essa ainda € uma das areas de estudo
que deve se expandir no futuro proximo (Haddad et al. 2015). Ela depende, primeiramente, da
obtencdo de dados concisos sobre limiares de sensibilidade das espécies a mudancas na estrutura das
paisagens, 0 que ja representa um desafio para os estudos. Além disso, o desenvolvimento de
técnicas metodoldgicas que permitam uma associagédo entre fatores que atuam em diferentes escalas
€ necessario para operacionalizar uma associac¢ao entre mudancas em escalas regionais e da
paisagem, como modelos de distribuicdo de espécies (e.g. Elith et al. 2006) e dados de uso de solo

(e.g. Sano et al. 2010).
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Abstract

Changes in landscape composition (e.g. habitat loss) and configuration (e.g. fragmentation per se)
have distinct effects on biodiversity. We predicted: (1) landscape composition has larger effects than
landscape configuration on bat abundance and species richness; (2) variance in biological traits
should decrease with habitat loss or fragmentation per se; (3) the spatial extent of landscape effects
(the ‘scale of effect”) should be larger for effects on bat richness than for effects on bat abundance;
and (4) phytophagous bats (frugivores and nectarivores) should show a larger scale of effect than
animalivorous bats (carnivores and insectivores). We tested these predictions by sampling bats using
mist nets in 18 landscapes in the Cerrado biome, Brazil. We used multi-model inference to compare
the effects of habitat loss (measured as the natural vegetation amount) and fragmentation per se
(measured as number of patches) calculated for six landscape sizes (500m to 10km) on (1) bat total
abundance, (2) richness, (3) variance in body mass variance, (4) variance in the ratio wingspan to
wing width, (5) variance in the ratio of ear size to body mass and (6) number of feeding guilds. We
compared the scale of effect for abundance and species richness, as well as for phytophagous and
animalivore abundance. Our first prediction was only partly supported. Bat total abundance was
better explained by habitat loss than fragmentation per se, being negatively related to it. However,
species richness, was negatively related to fragmentation per se. Our second prediction was
corroborated, variance in body mass, and number of guilds were negatively related to fragmentation
per se. Our results did not support our third and fourth predictions. Our results suggest that landscape
composition is an important predictor of the number of individuals of bats that can reach a site,
especially for phytophagous (frugivores and nectarivores), and that configuration affects persistence
of some species, particularly carnivores and aerial insectivores. Our results also suggest that the scale
of effect of the landscape structure on bats is much larger (~8km radius) than it is commonly used in
bat studies. This implies that previous studies have likely under-estimated the effects of landscape

structure on bats.

Keywords: Chiroptera, Habitat amount, number of patches, filtering hypothesis, scale of effect and

Savanna.
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Introduction

Natural populations across the world have declined at alarming rates in the past few decades
(Barnosky et al. 2011; Dirzo et al. 2014), mostly caused by natural habitat conversion to human-
dominated land covers (Murphy & Romanuk 2014). Land conversion is accompanied by
modifications in landscape structure, such as changes in landscape composition (e.g. habitat loss) and
changes in landscape configuration (e.g. fragmentation per se) (Fahrig 2003). Habitat loss is widely
recognized as an important impact reducing biodiversity (Cosson et al. 1999; Pardini et al. 2010;
Quesnelle et al. 2013; Thornton et al. 2011; Trzcinski et al. 1999). Such impact reduces population
sizes through reduced resource availability and environmental heterogeneity, and the resulting
smaller populations are subject to higher local and regional extinction rates. Effects of fragmentation
per se, i.e. the breaking up of a given amount of habitat into smaller units, are still controversial and
in general weaker than habitat loss effects; both negative and positive effects have been found.
Positive effects of fragmentation per se include increasing environmental heterogeneity, reduced risk
of simultaneous extinction over the whole population, and escape from predators (Den Boer 1968,
1981, Ethier & Fahrig 2011; Fahrig 2013). Fragmentation per se is also associated with an increase
in edge density which can have either positive or negative effects depending on the species
(Buchmann et al. 2013; Pardini 2004; Ries et al. 2004; Thornton et al. 2011; Villard & Metzger
2014). Demonstrating the effects of fragmentation per se is a challenge because it requires a priori
selection of sample sites that control habitat amount while varying fragmentation (e. g. Ethier &

Fahrig 2011; Pasher et al. 2013; Silva & De Marco 2014; Trzcinski et al. 1999).

The ‘habitat amount hypothesis’ suggests that habitat configuration should have relatively
little effect on biodiversity in comparison to habitat amount (Fahrig 2013). This hypothesis is based
on the assumption that habitat patches do not contain bounded communities (Ricklefs 2008) and that

movement through the landscape matrix is common. In this situation habitat loss reduces population
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sizes and increases extinction, but the specific spatial configuration of that habitat loss is relatively
unimportant. In apparent contrast to this, some studies suggest that habitat fragmentation is an
important predictor of species richness or abundance (Buchmann et al. 2013; Henle et al. 2004,
Pardini et al. 2010; Rueda et al. 2013; Thornton et al. 2011; Villard & Metzger 2014). However,
most of the empirical evaluation of effects of habitat fragmentation quantified fragmentation in ways
that are confounded with habitat loss, thus making fragmentation effects ambiguous (Fahrig 2003).
For example, patch isolation is often considered to be a measure of habitat ‘configuration’ (e.g.
Estrada-villegas et al. 2010; Ockinger et al. 2010; Prugh et al. 2008; Thomas et al. 2001; Thornton et
al. 2011; Uezu & Metzger 2011). Nonetheless, the observed effects of patch isolation on biodiversity

are likely due to the reduced population sizes caused by habitat loss (Fahrig 2013).

The Neotropical region is home to the highest number of bat species in the world
(Mickleburgh et al. 2002). Neotropical bats play diverse environmental roles, e.g. as agents of seed
dispersal (Jacomassa & Pizo 2010; Muscarella & Fleming 2007) and pollination (Muchhala 2002),
and in insect population control (Jung & Kalko 2010; Kalka et al. 2008; Threlfall et al. 2012). Given
these environmental services provided by bats, it is important to build improved understanding of bat
species responses to human-altered landscapes. In addition, as the only flying mammals, bats are
likely better able to cross a human-altered matrix than other similar-sized mammals (Norberg &
Rayner 1987). We might therefore expect that habitat patches do not contain closed bat communities,
and as such Neotropical bats meet the assumption of the habitat amount hypothesis, that habitat

amount should have a larger effect on bat richness than habitat configuration.

The filtering hypothesis proposes that in altered locals, for example landscape with high
habitat loss, communities should show lower variance in biological traits such as body mass and diet,
than in undisturbed locals (Holdaway & Sparrow 2006; Petchey et al. 2007; Wiescher et al. 2012).
This prediction would assume that habitat loss may act as a filter selecting species with traits that

make them able to survive in deforested areas. Such traits might include larger body sizes, generalist
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feeding habits and higher dispersal ability (Henle et al. 2004). Consequently, in disturbed landscapes
a smaller variance in those biological traits should be observed (Flynn et al. 2008; Wiescher et al.
2012). For bats, we expect lower variance in body size, wing shape (a predictor of dispersal ability),
and food habits with declining habitat amount (Duchamp & Swihart 2008; Jones et al. 2003; Meyer
et al. 2007). If true, this would suggest an erosion of the ecological services provided by bats in such

landscapes (Flynn et al. 2008).

The distance within which the landscape structure influences an individual or population is
known as the ‘scale of effect’ of landscape. The scale of effect is expected to increase with the
movement range of the organism, and may be around 4 to 9 times the average movement distance of
a species (Jackson & Fahrig 2012). Bat daily movements are, in general, greater than 1km, and for
some species they reach up tol0km (Aguiar et al. 2014; Rollinson et al. 2013; Trevelin et al. 2013;
Womack et al. 2013). As such, we might expect their populations and communities to be affected by
environmental variables at large spatial extents, i.e. they should have a large scale of effect in the
landscape context (e.g. Gorresen et al. 2005). Nevertheless, many of the landscape-scale studies on
bats used landscapes with radius less than 5km (e.g. Duchamp & Swihart 2008; Mendenhall et al.
2014). We might expect the scale of effect to depend on the biodiversity metric (Jackson & Fahrig
2014), with larger scales for species richness and smaller scales for total abundance. The mechanism
for this prediction is that the influence of the landscape on abundance occurs over a short time-scale
through, immigration from nearby sites. In contrast, species richness is influenced by colonization
and extinction events, which play out over a longer time scale and thus over a larger area (Jackson

and Fahrig 2014).

Species that consume scarce or patchy resources are thought to be affected by the landscape
structure over larger scales than species that use abundant or uniformly distributed resources
(O’Neill et al. 1988; Wiens 1989), because the former must move farther to obtain required

resources. For Neotropical bats, this suggests that phytophagous bats (frugivores and nectarivores)
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should show a larger scale of effect than animalivorous bats (carnivores and insectivores). The food
sources of phytophagous bats (fruits and flowers) are scattered in patches (e.g. individual trees)
through the forest (Thies & Kalko 2004), and change location due to fruiting and flowering
asynchrony (Poulin et al. 1999). This food distribution makes phytophagous bats wander widely
through the forest searching for fruited or flowered trees (Henry et al. 2007). In contrast,
animalivorous bats use food resources (small vertebrates and arthropods) that are more abundant and
uniformly distributed, resulting in shorter searching movements by these bats. We thus predicted that

the scale of effect of the landscape should be larger for phytophagous than for animalivorous.

We constructed four predictions of the effects of natural vegetation cover (a metric of
landscape composition) and number of patches (a metric of landscape configuration representing
fragmentation per se) on Neotropical bat species richness, abundance and variance in biological traits
(Figure 1); (1) Natural vegetation cover should affect bat abundance and species richness more
strongly than fragmentation per se as predicted by the ‘habitat amount hypothesis’. We expect a
positive effect of natural vegetation cover, but based on the literature (Cisneros et al. 2014; Duchamp
& Swihart 2008; Ethier & Fahrig 2011; Klingbeil & Willig 2010) we did not have an a priori
prediction of whether the effects of fragmentation per se would be negative or positive. (2)
Landscapes with lower natural vegetation cover should have communities with less variance in
biological traits, such as body mass, wing span, wing width and diet, since this variance is calculated
independent of species richness. For fragmentation per se, the direction of the effect of fragmentation
per se on the variance of biological traits could be either positive or negative (Figure 1, part 2a and
2b), (3) Abundance will show a smaller scale of effect than species richness, and (4) Phytophagous
bats (frugivores and nectarivores) will show larger scales of effect than animalivorous bats
(carnivores and insectivores). These predictions are not independent because they are related to the

same general process. For instance, the existence of landscape composition and configuration effects
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on species richness (Prediction 1) suggests the possibility of a filtering process that will control the

variance of biological traits (Prediction 2).

(1) larger effects of landscape composition (2) variance in biological traits decreasing
than landscape configuration on bat with habitatloss or fragmentation per se;
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Figure 1- Four predictions about how bats should respond to amount of natural vegetation (metric of
landscape composition) and number of patches (metric of landscape configuration) at different
landscape sizes. In the first prediction we expect that abundance and species richness will respond
more strongly to the amount of natural vegetation in a landscape than to fragmentation per se. Based
on the literature (Cisneros et al. 2014; Duchamp & Swihart 2008; Ethier & Fahrig 2011; Klingbeil &
Willig 2010) we did not have an a priori prediction of whether the effects of fragmentation per se
would be negative or positive (1a and 1b). In the second, prediction, we expect an increasing of
variance in biological traits, independent of species richness, with amount of natural vegetation.

However the direction of response to fragmentation per se will depend on the whether the effect of
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fragmentation per se on species richness is negative or positive (2a or 2b). In the third prediction, we
expect that the scale of effect of landscape structure, even habitat loss or fragmentation per se, on
abundance will be smaller than on species richness. In the fourth prediction, we expect that the scale
of effect of landscape structure on the abundance of animalivorous (carnivores and insectivores) will
be smaller than on phytophagous (frugivores and nectarivores). The scale of effect represents the
spatial extent at which the effect of landscape structure (amount of natural vegetation or number of

patches) is strongest.

Methods

Overview

We sampled bats in 18 forest patches with varying surrounding natural vegetation cover and
number of patches. Species richness and abundance (number of bats captured) were related to two
landscape predictors: natural vegetation cover and inverse number of patches in the landscape (the
last one representing habitat configuration in a gradient, patchy to continuous landscape). This
analysis was performed for six landscape scales ranging from 0.5 to 10km radius around the bat
sampling sites. To test the second prediction, we related the variance in biological traits, independent
of species richness, for each community, to the same predictors: natural vegetation cover and number
of patches. To test the third prediction, the best scale of effect of the two predictors for abundance
and species richness were compared. To test the fourth prediction, the best scale of effect of the two

landscape predictors for phytophagous abundance and animalivorous abundance were compared.
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Study area and site selection

We chose 18 forest patches in the state of Goias, central Brazil, using spatial data from the
Ministry of Environment of Brazil (http://mapas.mma.gov.br/), for the year 2010. The area is in the
Cerrado biome, a mosaic of natural vegetation formations, including dry forests, gallery forests,
grasslands and wetlands (Sano et al. 2010). To control for potentially confounding variables, we
selected fragments of similar size (90-400ha), with similar shape (Shape Index; Sl< 2) and similar
vegetation type (dry and riparian forest). We chose only forest fragments to sample because in
savannas they tend to have more bat species richness than other vegetation types (Gregorin et al.
2011; Monadjem & Reside 2008). We found 209 forest patches in the State of Goias following these
criteria. We then calculated natural vegetation cover and number of natural patches within a buffer of
5km around the centroid of each of these 209 forest patches, and sub-selected patches such that
natural vegetation cover and number of patches were uncorrelated (Fahrig 2003). We did this by
plotting natural vegetation cover vs. number of patches and then dividing the plot into 12 quadrants
(Figure 2). Two patches were randomly chosen within each quadrant. We determined the
accessibility of each patch, first using Google Earth (http://www.google.com/earth/ index.html) and
then by visiting them. If a fragment was inaccessible or the owner did not authorize the research, we
chose a new fragment at random from the same quadrant. In the end, there were no patches in four of
the quadrants and only one patch in one of them. This left us with 15 patches to sample, to which we

added 3 patches in feasible quadrats, resulting in a total of 18 patches sampled.
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Figure 2- A- Bat sample points in the state of Goiés, located within the Cerrado or savanna (light
brown) of Brazil. B- Closer view of sample sites in Goias state; red circles are forest patches sampled
twice (both seasons, 12 units), red asterisks are forest patches sampled once (wet season, 6 units),
gray circles are non-selected forest patches 90-400 ha each, and shape index <2). C- Sample 5-km
radius landscape, centred on the centroid of the sample patch; the green indicates natural vegetation.
D- Natural vegetation cover vs. number of patches for 209 forest patches with similar size (90-
400ha) and shape (shape index<2) in the state of Goias, central Brazil. The plot is divided into 12
quadrants to allow selection of 24 bat sample sites such that predictors are uncorrelated. In the end,
there were no patches in four of the quadrants and only one patch in one of them. This left us with 15

patches to sample, to which we added 3 patches in feasible quadrats, resulting in a total of 18 patches
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sampled (Appendix 1). E- Multi-sized nested landscapes, ranging from 500m to 10 km radius, i.e. 6
different landscape sizes, used in statistical analysis to relate bat richness and abundance to
landscape metrics. F- 20 nets disposed from fragment edge through the interior in four groups of five

nets and three quadrats which local environmental metrics were taken.

Landscape classification and explanatory variables

We used satellite images from LANDSAT ETM+ from August 2013, 30m resolution,
compositional bands 5, 4 and 3, to classify the land-use in the landscapes surrounding the 18 chosen
sampling areas. These data were more recent than those used for site selection, allowing us to more
closely link the landscape data to the bat data. We used images from the dry season to avoid clouds
that could hamper classification. A supervised classification was performed to separate
savanna+forest (natural vegetation) from all other land covers (matrix), within a 10 km radius area
around each sample site. We combined savanna and forest as ‘habitat’ because while forest
vegetation has more bat species (Gregorin et al. 2011; Monadjem & Reside 2008), many species use
both savanna and forest to forage, roost or move (Aguirre 2002; Bernard & Fenton 2003). To
perform the site selection, described above, we had to choose one radius size (5km), but to test our
predictions (above) we needed to relate bat richness and abundance to habitat amount and
fragmentation at multiple scales. The range of the scales tested was from 500m to 10km radius. The
maximum (10km) was chosen because it is an approximation of maximum daily movement (Aguiar

et al. 2014; Rollinson et al. 2013; Trevelin et al. 2013; Womack et al. 2013).

We verified the supervised classification by comparing it to satellite images from LANDSAT
ETM+ and Google Earth (http://www.google.com/ earth/index.html). Any forest or savanna patch
less than 0.09 he was labeled matrix, as this represents the satellite image resolution. We used the

Patch Analyst extension (Rempel et al. 2012) for ArcMap 9.3 (ESRI) to calculate the amount of
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natural area and number of patches at 6 nested spatial scales, radii of 500m, 2km, 4km, 6km, 8km,
and 10km around each sampling site (including the sampled patch). Pearson correlations between
standardized natural vegetation cover and number of patches ranged from -0.266 (500m radius) to -

0.466 (6km radius).

Bat sampling

For each sampling patch, 20 mist nets (10X2.5m) were placed from the edge through the
interior of the patch, in groups of five nets (Figure 1F), during four consecutive nights (six hours
each, starting at sunset). The nets were not moved during these four consecutive days. We sampled
18 forest patches, one patch at a time. For 12 patches we sampled twice, once during the dry season
and once during the wet season. For the remaining 6 patches we sampled once during the wet season
(Figure 2). Sampling occurred between March 2012 and March 2014. We avoided sampling bats on
full moon nights, because of reduced sampling success (Mello et al. 2013). Adult captured bats of

more than 5 grams were marked using wing bands. All bats were identified to species.

Response variables

To test the first prediction bat abundance and species richness were used as response
variables. Total abundance was the number of captured bats. Species richness was the number of
observed species of bats. Because only a subset of sites was sampled during both wet and dry
seasons, we performed separated analysis for the wet season (18 sites) and both seasons (12 sites).
To test the second prediction, the variances in biological traits were used as response variables. In
this case, only the wet season data, with more sample units, was used. Biological traits were body
mass, wing span to wing width ratio, ear size to body mass ratio and number of feeding habits. We

chose these traits because they are related to species flight and foraging modes (Denzinger &
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Schnitzler 2013; Kalko et al. 2008). Body mass was the mean obtained from all individuals captured.
Wing span and wing width were obtained from wing photographs using the program ImageJ
(Rasband 2014). Wing photographs were taken from captured bats, from one to ten individuals
photographed per species, taken from different individuals. We used the ratio of wing span to wing
width to represent wing shape. Bats flying in open areas generally have long, narrow wings, with the
opposite for bats flying in cluttered spaces (Denzinger & Schnitzler 2013; Kalko et al. 2008). We
used the size of the ear in relation to body mass as a predictor of the use of listening during foraging.
Feeding habits were obtained from the literature (Denzinger & Schnitzler 2013; Kalko et al. 2008).
Species were classified according to their most common food, in six categories: frugivores,

nectarivores, edge-space aerial insectivores, gleaning insectivores, carnivores and hematophages.

To control for sample size in estimating variance in a biological trait, at each site we
randomly sampled the same of number of individuals found in the site with the fewest individuals
(3), and calculated the variance in the traits for those three individuals. We repeated this 100 times,
for a mean variance for each trait in each sample site. In the case of feeding habit, the number of
guilds (ranging from 1 to 3) was counted for each iteration. The sampling was run using R (R Core
Team, 2014). To test the third predictions the response variable was the scale of effect of natural
cover and number of patches on bat richness and abundance. To test the fourth prediction the
response variable was the scale of effect of natural cover and number of patches on abundance of
phytophagous (frugivores and nectarivores) and animalivorous (insectivores and carnivores). For the

third and fourth predictions only the wet season data were used (n=18).

Statistical analyses
To assess the relative importance of natural cover and number of patches, to test the first

prediction we used three complementary methods; (1) the partial regression coefficients in the most
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parsimonious model, (2) the importance of each variable, and (3) the weighted average partial
coefficient (Burnham & Anderson 1998; Grueber et al. 2011). We standardized all predictor
variables. We fit the models at each of 6 spatial extents to determine the scale at which the landscape
predictors had their strongest effects (their scales of effect), and to allow for the possibility of
multiple scales of effect (Martin & Fahrig 2012). We used inverse of number of patches instead of
actual number of patches to keep the direction of smaller values for patchy landscapes (with many

patches) and continuous landscapes (with few patches).

For each model we calculated the Akaike information criterion corrected for finite samples
sizes (Burnham & Anderson 1998). We extracted partial coefficients from the best model, weight
and model-weighted partial coefficients from each variable. We used standardized partial regression
coefficients as unbiased estimates of the relative effects of natural vegetation cover and inverse of
number of patches (Smith et al. 2009). We calculated the importance of each variable as the sum of
the weight of each model containing that variable (Burnham & Anderson 1998). The weight of the

exp(—%AAICci)
TR_, exp(—3AAICcy)

Akaike criterion was: Weight; =

AAICc;is the difference between the corrected AIC for model i and the best model and AAICc,
represents the difference between all models and the best model. Variables with weight are

considered more important predictors.

The weighted averaged partial coefficient was calculated as the average of the partial
coefficient for a certain variable in all models containing that variable weighted by the weight of that
models (Burnham & Anderson 1998; Grueber et al. 2011). These analysis were performed using the
package 