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“It is not the critic who counts; not the man who
points out how the strong man stumbles, or where
the doer of deeds could have done them better. The
credit belongs to the man who is actually in the
arena, whose face is marred by dust and sweat and
blood, who strives valiantly; who errs and comes
short again and again; because there is not effort
without error and shortcomings; but who does
actually strive to do the deed; who knows the great
enthusiasm, the great devotion, who spends himself
in a worthy cause, who at the best knows in the end
the triumph of high achievement and who at the
worst, if he fails, at least he fails while daring greatly.
So that his place shall never be with those cold and
timid souls who know neither victory nor defeat.”

Theodore Roosevelt
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RESUMO

As atividades de uso da terra tém transformado grandes &areas naturais em areas de
pastagens ou agricultaveis. Este processo se tornou um problema mundial e é tido como um
dos principais responsaveis pelo declinio de espécies de diferentes grupos taxondémicos.
Dentre os vertebrados, os anfibios sdo um dos grupos mais ameacados, sendo que as
espécies com larvas aquéticas sdo as mais susceptiveis. Tais populacbes seguem uma
dindmica de metacomunidades e podem estruturar-se de acordo com uma combinacéo de
processos, conhecidos como dindmica de manchas, dindmica de ordenacdo de espécies,
efeito de massa e dindmica neutra. No entanto, a escassez de informacgfes a respeito do
padrdo de riqueza e ocupacdo das espécies de anuros em escala local e regional € um
problema para a conservacgédo da diversidade dos mesmos. Tendo como principal objetivo
fornecer informacdes relevantes para a conservacdo de anuros no Cerrado brasileiro,
abordei questdes relacionadas aos padroes em escala local e regional, bem como modelos
de ocupacédo de algumas espécies de anfibios com o intuito de identificar fatores que estédo
direcionando a riqgueza e ocupacgdo das espécies de anuros que se reproduzem em pocgas
no Cerrado. Para isso, coletei dados no estado de Goias, Unico estado brasileiro totalmente
inserido no bioma Cerrado, e que segue a mesma tendéncia do restante do bioma em
relacdo a perda de habitat devido ao avanco das fronteiras agricolas. Com o intuito de cobrir
lacunas de inventarios para a regido, no Capitulo | apresento a primeira lista oficial de
espécies de anuros para o estado de Goiads. No Capitulo I, abordo como fatores locais e da
paisagem determinam a diversidade local e regional de anuros. Busquei explorar os efeitos
da é&rea, heterogeneidade e complexidade de habitats local e da paisagem e da
produtividade sobre a diversidade alfa e beta de anuros. No Capitulo Ill, abordo um dos
modelos mais classicos e controversos para conservacao das espécies, que € conhecido
como: “muitas pequenas ou uma unica grande” ou “SLOSS” (single large or several small).
Este modelo deve ser especialmente considerado quando o objetivo € preservar o maior
namero de espécies de anuros associados a pogas. E, por fim, no Capitulo IV, construi

modelos de ocupacdo para ter acesso aos efeitos da quantidade de remanescentes de
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habitas, isolamento entre remanescentes de Cerrado, bem como caracteristicas locais

sobre a ocorréncia de algumas espécies de anfibios tipicas do Cerrado Brasileiro.

Palavras-chave: Cerrado, anfibios, pocas, area, heterogeneidade, SLOSS, conservacao,

modelos de ocupacéo.



ABSTRACT

Land use activities have been frequently transforming broad native areas into pastures or
plantations. This process turned out to be a global problem and is known as one major
responsible for declinesin various taxonomical groups. Frogs are one of the most threated
groups among vertebrates, from which species with aquatic larvae are more susceptible.
Such populations follow metacommunity dynamics and can be structured in function of
combined processes, such as patch dynamics, species ordination dynamics, mass effect
and neutral dynamics. Nevertheless, the lack of knowledge with respect to anuran species
occupation and richness patterns in local and regional scale poses as a threat to their
conservation. The aim of my work is to provide relevant information to the conservation of
anurans in the Brazilian Cerrado. | investigated regional and local scale patterns and
identified factors related to richness and occupation of anuran species that breed in Cerrado
ponds. For that, | have collected data in the state of Goias, which is the only Brazilian state
totally inserted in the Cerrado biome and that follows that same tendency of habitat loss as
the whole biome (due to agriculture expansion). In Chapter | present the first official list for
the whole state of Goias, with the objective to cover inventory gaps. In Chapter I, | explore
local and landscape factors that determine local and regional diversities of anurans. | also
assess the effects of area, heterogeneity, productivity and local and landscape habitat
complexity over alpha and beta diversities of anurans. In Chapter lll, | approach one of the
most classic and controversial models for the conservation of the species, known as
"SLOSS" (single large or several small). This model should be considered especially when
the goal is to preserve as many frog species associated with ponds.Finally, in Chapter IV, |
built occupation models to assess the effects of amount of remaining habitats, isolation
between remnants as well as local characteristics on the occurrence of some species of

amphibians typical Brazilian Cerrado.

Keywords: Cerrado, amphibians, puddles, area, heterogeneity, SLOSS, conservation,

occupancy models.
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APRESENTACAO

A presente tese, intitulada “A Conservacao da Diversidade de Anuros no Cerrado
Brasileiro”, esta apresentada sob a forma de quatro capitulos, sendo que cada capitulo
corresponde a um artigo cientifico. Os dados utilizados para elaboracdo dessa tese foram
coletados por especialistas do Laboratério de Herpetologia e Comportamento Animal da
Universidade Federal de Goias. As coletas de campo foram financiadas pelos projetos
“Girinos do Brasil” (Edital SISBIOTA, Processos FAPESP 2010/52321-7 e CNPq
563075/2010-4), “O Cerrado em pedagos: multiplas respostas de componentes da
biodiversidade a fragmentacéo e a perda de habitats” (Fundacdo Grupo Boticério de
Protecdo a Natureza, Processo 0880_201020110). Uma secéo intitulada “Introducéo
Geral” apresenta as questfes gerais e conceitos ecoldgicos que motivaram a elaboracao
desta tese, bem como uma breve apresentagdo das principais hipéteses testadas. O
capitulo I, intitulado “Diversity of amphibian anurans from state of Goias, core of Brazilian
Cerrado” serd submetido para apreciacdo na revista “Zookeys”. O capitulo Il, intitulado
“More Individual Hypothesis and Habitat Heterogeneity Drive Amphibian Ponds
Metacommunities” serd submetido para a revista “Plos one”. O capitulo Il € intitulado:
“Anuran Conservation in Brazilian Cerrado: single large or several small ponds, which is
better?” sera submetido para a revista “Biological Conservation”. O Capitulo IV, intitulado
“Factors Affecting Landscape Occupancy for Anurans Across a Disturbance Gradient in the
Brazilian Cerrado” sera submetido para apreciacao na revista “Landscape Ecology”. Apés a
apresentacéo dos capitulos, uma secéo intitulada “Conclusdes Gerais” apresenta as
principais conclusdes da tese e implicacdes para a conservacao da diversidade de Anuros

no Cerrado Brasileiro.
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INTRODUCAO GERAL

Atividades de uso da terra tornaram-se um problema mundial a partir do momento
em que grandes areas de paisagens naturais foram transformadas em areas antropicas
e/ou agricultaveis [1], dando lugar a mosaicos com diferentes tipos de uso do solo [2]. Esse
processo, também conhecido como fragmentagéo de habitat, esté relacionada a quatro
padrdes principais: a perda de habitat, 0 aumento no numero de manchas, a reducdo no
tamanho das manchas e o aumento no isolamento entre manchas. Em termos de
biodiversidade, os efeitos da fragmentacéo sdo variados e ocorrem em diferentes niveis de
organizac&o bioldgica [3]. E uma das principais causas do declinio de muitas espécies [4,5],

resultando em mudancas no funcionamento do ecossistema [6].

Dentre os vertebrados, os anfibios sdo um dos grupos mais ameagados pela
fragmentacédo e pela perda de conectividade de habitats [4],[7],[8], sendo os efeitos
negativos mais intensos em espécies com larvas aquéticas, que dependem tanto de
habitats terrestres como de habitats aquéticos para completar seu ciclo de vida [4]. Isso
ocorre porque a fragmentacéo implica na perda de habitat e desconexao entre sitios
reprodutivos e remanescentes de vegetacao nativa, utilizada por adultos e jovens como
reflgio e fonte de recurso [8]. Esse isolamento dificulta o processo de dispersao, favorece a
reducédo da diversidade genética, aumenta o risco de extingdes locais [5], altera a dindmica
das espécies [9] e reduz a riqueza e abundéancia de espécies de anfibios, uma vez que

reduz a qualidade e estrutura dos habitats [10],[11]

Como as populag6es de anfibios que utilizam pogas como locais para oviposi¢ao
estdo inseridas em ilhas de agua imersas em uma matriz de solo [12],[13], elas estdo sendo
provavelmente regidas por uma dindmica de metacomunidades. A visdo moderna dos
modelos tratados inicialmente pela teoria de biogeografia de ilhas, e aplicados a dinamica
de metacomunidades de ‘ilhas’ de habitats continentais [14]—-[16], tem gerado uma grande

guantidade de informacdes de importancia central para gerenciamento e conservacao da
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biodiversidade de paisagens fragmentadas [17]. As metacomunidades podem estruturar-se
de acordo com uma combinacéo de processos, nominalmente a dindmica de manchas,
dindmica de ordenacédo de espécies, efeito de massa e dindmica neutra (ver [12], que
refletem a for¢a de fatores relacionados ao nicho Hutchinsoniano (fatores bioticos e

abidticos locais) e a dispersao das espécies dentro de uma regido [18].

As discussoes sobre o efeito da area das ilhas ou manchas de habitats, bem como
efeitos secundarios que afetam a quantidade de energia e disponibilidade de habitat sobre a
riqueza de espécies ainda estdo pouco claras [19]-[22]. Estes efeitos tém sido ainda menos
explorados quando se trata da mudancga na composicao de espécies (diversidade beta) [23],
especialmente para comunidades de pocas [24]. A diversidade beta é altamente
dependente da diversidade nas escalas local e regional (alfa e gama), e consequentemente
varia de acordo com processos que afetam as demais escalas [25]. Além disso, a
diversidade beta é influenciada pelo potencial de dispersdo das espécies que compdem as

comunidades locais [26].

Considerando as espécies de anfibios que ocorrem no Cerrado, espécies que se
reproduzem em pocgas representam uma por¢éo consideravel da diversidade de anuros do
bioma. Na realidade, apesar de pequenas, as poc¢as podem apresentar uma parcela
representativa da biodiversidade de uma dada paisagem [27],[28]. Em diversas partes do
mundo ha uma necessidade de conservar as pocas, pois estas estdo sendo destruidas para
dar espaco a agricultura, colocando diversas espécies em risco de extingao [29],[30]. No
Brasil, especialmente no Cerrado brasileiro, temos uma situag&o inversa no que diz respeito
ao numero de pogas, que esta aumentando a partir do represamento de riachos e veredas
[31]. No entanto, a escassez de informacdes a respeito da organizagédo das comunidades
pode impedir a nossa habilidade de predizer a resposta a ameacas maiores, tais como
alteracdes no uso da terra ou a introducao de espécies invasoras [31]. Além disso, nao
sabemos qual a real importancia das pocgas para a estruturacao da biodiversidade no
Cerrado, o0 que se faz essencial para conservar a biodiversidade de &reas agriculturaveis.
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A escassez de informacdes a respeito do padréo de riqueza e ocupacgéo das
espécies de anuros em escala local e regional ainda pode ser um problema para a
conservacgado da diversidade dos mesmos [32]-[34]. Ha um grande nimero de espécies com
pouca informacéo a respeito do habitat, modo de vida, ocorréncia e ameacas, corroborado
pelo grande numero de espécies deficientes de dados segundo a lista vermelha da IUCN.
No bioma Cerrado, em particular, o maior conhecimento da anurofauna esta localizado em
regides onde h& maior concentracdo da populacdo humana [35],[36], sendo que a maioria
dos inventarios estéo restritos a regiao central e sudeste do bioma [32]-[34]. Além disso,
ainda h& uma porc¢éo significativa do bioma que permanece ndo amostrada ou

subamostrada [35].

Tendo como principal objetivo fornecer informacdes relevantes para a conservacao
de anuros no Cerrado brasileiro, esta tese foi construida de forma a abordar padrdes em
escala local e regional, bem como modelos de ocupacdo de algumas espécies de anfibios
com o intuito de identificar fatores que estdo direcionando a riqueza e ocupacdo das
espécies de anuros que se reproduzem em pocas no Cerrado. Para isso, os dados foram
coletados no estado de Goias, Unico estado brasileiro totalmente inserido no bioma
Cerrado, e que segue a mesma tendéncia do restante do bioma em relacdo a perda de

habitat devido ao avanco das fronteiras agricolas.

Considerando-se a escassez de informagdes sobre a ocorréncia das espécies e
com o intuito de cobrir lacunas de inventarios na regido, no Capitulo | apresento a primeira
lista oficial de espécies registradas para o estado de Goids. No Capitulo Il, procurei
contribuir para a compreenséo isolada de fatores locais e da paisagem sobre a diversidade
local e regional de anuros de pocas do Cerrado. Busquei explorar os efeitos da area,
heterogeneidade e complexidade de habitats local e da paisagem e da produtividade sobre
a diversidade alfa e beta de anuros. Mais especificamente, abordo questbes relacionadas a
espécie area (proposta inicialmente por Arrhenius, [37]) e espécie energia (proposta por

Wright [19]). No Capitulo I, abordei um dos modelos mais classicos e controversos para

17



conservacgao das espécies, que é conhecido como: “muitas pequenas ou uma unica grande”
(several small or single large — SLOSS, proposto inicialmente por Diamond [38]). Este
modelo deve ser levado em consideracdo quando o objetivo € preservar 0 maior numero de
espécies que ocorrem em pogas, sendo que o tamanho das pogas sdo as manchas de
habitat em questdo. E, por fim, no Capitulo IV, construi modelos de ocupacédo para ter
acesso aos efeitos da quantidade de remanescentes de habitas, isolamento entre
remanescentes de Cerrado, bem como caracteristicas locais sobre a ocorréncia de algumas

espécies de anfibios tipicas do Cerado Brasileiro.
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ABSTRACT

Considered the most biodiverse savanna in the world, Cerrado has been highlighted as the
largest agricultural frontier in Brazil. The state of Goiés follows the same pattern then the rest
of biome and, consequently, its diversity has being threatened by intense activity land use.
This process is threatened species group as amphibians that are sensible to habitat loss.
Based on field samples and literature records we presented the first list of anuran species
from the central region of the Cerrado Biome, more precisely in the state of Goias, Brazil.
Information about reproductive modes and conservation status of species were also
presented. In the field, we recorded 58 species of frogs represented by 19 genera, seven
families and nine reproductive modes. Eight species were not assessed for conservation
status and four are considered data deficient. None of the species is considered endangered.
With literature data, we raised 92 frog species represented by 30 genera, 11 families and 12
reproductive modes. Most species recorded use lentic water bodies and lay their eggs
directly or indirectly in the water. This list contributes positively to the knowledge of the
occurrence of species of anurans from central Cerrado and can encourage the development

of strategies for the conservation of this group in this highly threatened biome.

KEY-WORDS. Species diversity, reproductive modes, conservation status.

RESUMO

Considerada a savana mais biodiversa do mundo, o Cerrado tem sido destacado como a
maior fronteira agricola do Brasil. O estado de Goids segue 0 mesmo padrao do restante do
bioma e, consequentemente, sua diversidade tem sido ameacada pela intensa atividade de
uso do solo. Este processo esta ameacgando grupos de espécies como os anfibios, que sédo
sensiveis a perda de habitat. Com base em amostras de campo e registros na literatura,

apresentamos aqui a primeira lista de espécies de anuros para o estado de Goiés, Brasil,
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com informagdes sobre os modos reprodutivos e o status de conservacao das espécies. Em
campo, registramos 58 espécies de anuros representadas por 19 géneros, sete familias e
nove modos reprodutivos. Oito espécies ndo foram avaliadas quanto ao status de
conservagao e quatro sao consideradas deficientes de dados. Nenhuma das espécies
amostradas é considerada em perigo. Com dados da literatura, levantamos 92 espécies de
anuros representadas por 30 géneros, 11 familias e 12 modos reprodutivos. A maior parte
das espécies registradas utilizam corpos d’agua Iénticos e depositam seus ovos direta ou
indiretamente na 4gua. A presente lista contribui positivamente com o conhecimento da
ocorréncia das espécies de anuros no cerrado goiano e pode favorecer a criagdo de
estratégias para a conservacao deste grupo e, consequentemente, deste bioma altamente

ameacado.

PALAVRAS-CHAVE. Diversidade de espécies, modos reprodutivos, status de conservagao.
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INTRODUCTION

The intense economic activities have being considered a world problem from the moment in
which larger native areas have being converted into human dominated lands (Foley et al.
2005, Schiesari and Grillitsch 2011), being a mosaic with different kinds of land use activities
(Bennett et al. 2006). This process has as major consequence reduction in habitat amount,
and isolation between remnants patches (Fahrig 2003). In terms of biodiversity, the effects of
habitat loss and lack or reduction of habitat connectivity are vast and can be occur in
different levels of biological organization (With 1997, Fahrig 2003, Fischer and Lindenmayer
2007). Moreover, these are the main cause of species decline in the world (Cushman 2006,

Becker et al. 2007), altering key process in the ecosystem (Hooper et al. 2012).

The Cerrado biome, richest savanna ecosystem in the world (Diniz-Filho et al. 2009), follow
the same world tendency. The accelerated conversion process of natural landscapes (Klink
and Moreira 2002, Klink and Machado 2005) into soya, maize and sugar cane plantation, as
well an extensive cattle raising (Carvalho et al. 2009), started especially after the advance of
the agricultural frontier, from the 1960s to the 1980s, a set of government incentives to
stimulate the advance of cattle ranches and agriculturally used area in the Central Plateau of
Brazil (Pufal et al. 2000). Currently, only about 20% of the Cerrado remains undisturbed, and
only about 1.2% of it is protected (Mittermeier et al. 2004), despite being recognized as a
global biodiversity hotspot (Myers et al. 2000). The Cerrado areas in the state of Goiés follow
the same pattern of the rest of the biome, losing large portions of native areas by pastures or
plantations (Carvalho et al. 2009). Currently, 1,169.368 km?2 (0.34% of state territory) of areas

on the state of Goiés belong to integral protection conservation units.

Intensive human occupation process is linked to the rapid loss of biodiversity (Diniz-Filho et

al. 2005). Among vertebrates, amphibians are the most threatened group by habitat and
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connectivity loss (Houlahan and Findlay 2003, Bowne and Bowers 2004, Silvano and Segalla
2005), being those effects more intense in species with aquatic larvae, which depends of
both terrestrial and aquatic habitats to complete their life cycle (Becker et al. 2007, Becker et
al. 2010). In the Cerrado biome there were recorded 209 anuran species, in which 108 is
being endemic to the Cerrado biome (Valdujo et al. 2012). However, these numbers probably
does not reflect the actual anuran species richness in the Cerrado biome (Valdujo et al.

2012).

Considering the lack of detailed data on species distribution for anuran in the Cerrado region,
our main objective was to provide the first checklist of the amphibians for the state of Goiés,
the only Brazilian state thoroughly within the Cerrado biome. We presented results of anuran
surveys conducted in the state and we summarized records from data available in the
literature. Moreover we provide information about reproductive modes and status

conservation in accordance with [UCN.

MATERIAL AND METHODS
Study area

This study was conducted in state of Goias, located in the core area of Cerrado biome. This
state comprise around 349,000 Km?, representing an area larger than many countries in the
Latin American (IBGE 2014). To surveys landscapes with most diverse pattern of land use,
we divided the state into a grid of 478 cells of 0.25 latitude by 0.25 longitude and we
calculated the proportion of Cerrado remnants (PLAND) and isolation between remnants
(ENN_MN) for each cells. For this, state of Goias grid was overlaid on a raster file containing
land-cover information obtained from 2001 and 2002 Landsat ETM+ satellite images. The
PLAND and ENN_MN were calculated using Fragstats 3.3 (McGarigal and Marks 1995). We

selected 18 landscapes with different levels of land use activity for anuran surveys.
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Moreover, we realized some extra surveys with the objective to cover gaps in our sample

design. Sites surveyed do not include conservation unities from state of Goias (Figure 1).

Data collection

We surveyed a total of 146 sites for adults frogs across 18 landscapes distributed at the state
of Goias (Table 1). Fieldworks were conducted during the rainy season (October-March),
from 2010 to 2013. During surveys, observers spent 1 h at each site between the hours of
1900 and 2400 to assess the presence and abundance of species. Adult frogs were
surveyed via a combination of both acoustic and visual means (Rddel and Ernst 2004) while
walking slowly around the pond and systematically searching or listening for adult frogs
(Heyer et al. 1994). This method of survey is sufficient to detect sites where a species is
present even with few visits (Pellet and Schmidt 2005). In our case, sites were surveyed a
single time. Some adults were collected to confirm identification, and all specimens collected
were euthanized by injecting an overdose of 2% lidocaine parenterally, minimizing pain and
distress to the animal. Lethal injectable agents are rapid and reliable methods for performing
euthanasia, being accepted by the American Veterinary Medical Association (Leary et al.
2013) and by the Brazilian National Council on the Control of Animal Experiments (CONCEA
2013). Thus, posteriorly of euthanasia, specimens were fixed in 10% formalin and preserved
in 70% alcohol (Heyer et al. 1994). All adults collected were deposited at the Zoological

Collection of the Universidade Federal de Goias (ZUFG).

As our main objective is to provide a complete list of species recorded in the state of Goias,
we performed a bibliographic data compilation based on species lists, distribution notes, and
descriptions papers from this Brazilian region. To avoid misidentification issues, we
unconsidered species with questionable classification (e.g. sp., aff., or group). Reproductive

modes of the amphibian species were determined following Haddad and Prado (2005), Wells
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(2007), and Haddad et al. (2013) classification criteria. Additional information on the
reproductive modes of some species were obtained by observations in the field and

bibliography literature (e.g. Silva and Giaretta 2009, Bitar et al. 2012, Silva et al. 2012).

RESULTS
Species recorded

In our samples, we recorded 58 amphibian species from seven families and 19 genus during
ponds surveys (Table 2, Figure 2, 3, 4 and 5). The most representative family was Hylidae
(30 species), followed by Leptodactylidae (18 species), Bufonidae (three species),
Odontophrynidae (two species), Microhylidae (three species), and finally by Dendrobatidae
and Craugastoridae (both with one species). From the total, 31 species (53.44%) recorded
are endemic, 56 (96.55%) are typical, and two (3.44%) present marginal distribution to the

Cerrado biome (Table 2).

The most common species among the 146 sampled points were Dendropsophus minutus (70
points), Dendropsophus jimi (42 points), Dendropsophus rubicundulus (41 points), Hypsiboas
albopunctatus (70 points), Leptodactycus latrans (44 points), Physalaemus cuvieri (90
points), Scinax fuscomarginatus (65 points) and Scinax fuscovarius (41 points). Six species
were found in a single point (Bokermannohyla sapiranga, Hypsiboas phaeopleurus,
Hypsiboas punctatus, Physalaemus marmoratus, Rhinella mirandaribeiroi and Scinax
squalirostris). Eight species were not formally assessed for the IUCN conservation status
and four are considered data deficient (Table 1). None of recorded species is considered

endangered.

Considering data obtained from literature, we recorded a total of 92 anurans species to the

state of Goias (Table 3). Among these species, 52 are endemics (56.52%), 19 (20.65%)
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have widespread distribution, and 12 (13.04%) are known to be marginally distributed in the
Cerrado biome. The most representative family was Hylidae (38 species), followed by
Leptodactylidae (27 species), Bufonidae (seven species), Odontophrynidae (seven species),
Microhylidae (four species), Craugastoridae (three species), Dendrobatidae (two species)
and finally Aromobatidae, Brachycephalidae, Pipidae and Ranidae (with one species,
respectively). Here, 16 species were not formally assessed for the IUCN conservation status
and 10 species are considered data deficient (Table 3). The other species are considered
least concerned and none is considered endangered. Thus, our field samples represent
63.04% of anuran species recorded in the compilation of bibliographic data in the state of

Goias.

Reproductive modes

Considering just species sampled here, we found nine reproductive modes observed for 58
anurans species recorded (Table 2). Leptodactylidae and Hylidae were the families with most
diverse number of reproductive modes recorded here (four modes), followed by Bufonidae
(two modes), Craugastoridae (one mode), Dendrobatidae (one mode), Microhylidae (one
mode), and Odontophrynidae (one mode). The most part of species (N=48) deposit their
eggs directly or indirectly in the ponds (e.g. mode 24, in which eggs are arboreals and
tadpoles drop in the water), two species deposit their eggs in lotic water, and three species
deposit their eggs in both lentic and lotic water. Just one species recorded here present

direct development.

Twelve reproductive modes were observed for 92 anuran species previously recorded in the
state of Goias (Table 3). Leptodactylidae was the family with most diverse number of
reproductive modes recorded (five modes), followed by Hylidae (three modes), Bufonidae

(two modes), Odontophrynidae (two modes), Brachycephalidae (one mode),
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Craugastoridae (one mode), Dendrobatidae (one mode), and Microhylidae (one mode). The
most part (N=66) of species deposit their eggs directly or indirectly in the ponds, two species
deposit their eggs in lotic water, and twelve deposit in both lentic and lotic water. Four

species recorded here present direct development (reproductive mode 23).

DISCUSSION

We are providing in this work the most complete list of anuran species to the state of Goias,
Brazil.We recorded a total of 92 anuran species to the state, including 58 species recorded
through our surveys. This species richness includes a set of species registered previously in
studies conducted in the state of Goias (e.g. Oda et al. 2009, Vaz-Silva et al. 2007, Morais et
al. 2011, Morais et al. 2012, Nomura et al. 2012, Santos et al. 2014), and is representative of
the Cerrado biome, which presents a total of 209 species (Valdujo et al. 2012). Hylidae and
Leptodactylidae were the most specious family. This pattern is in agreement with other works
realized in the Neotropical region (e.g. Morais et al. 2011, Piatti et al. 2012, Santos et al.
2014), and is expected since both families have their greatest diversity in the Neotropics
(Duellman 1999). Moreover, differently from other authors (e.g. Oda et al. 2009, Morais et al.
2011, Santos et al. 2014), we are not considering species with doubtful identification and
species that are currently being described. Thus, the total number of species reported here
probably does not reflect the actual richness of Goids anurans species, and this number will
increase even more in the next years due description of new species (as suggested by Diniz-

Filho et al. 2005 and Valdujo et al. 2012).

The diversity of reproductive modes recorded in this study (twelve and nine) is considered
high to Cerrado biome. In previous studies were registered between four to seven
reproductive modes (e.g. Bastos et al. 2003, Toledo et al. 2003, Eterovick and Sazima

2004). We found that most part of species present indirect development, in which a minority
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deposits their eggs in lotic water bodies in areas of open vegetation, as expected to anuran
species that occur in the Cerrado biome. Some species (e.g. Hypsiboas albopunctatus,
Leptodactylus fuscus, Physalaemus cuvieri, Rhinella schneideri e Scinax fuscovarius) have
been colonized successfully areas with high degree of anthropization, without major
specificity of reproductive sites, being known as habitat-generalist (Brasileiro et al. 2005,
Silva and Rossa-Feres 2007). In contrast, species such as Bokermannohyla sapiranga
demonstrate specificity of breeding habitat and are known to occur in streams inserted in

gallery forest (Brand&o et al. 2012).

Barycholos ternetzi was the only species with direct development (mode 23) registered in our
surveys, and B. ternetzi, Ischnocnema juipoca, Oreobates remotus, and Pristimantis
ventrigranulosus are the species with direct development considering the state of Goiés.
There are few species in the Cerrado biome with direct development, especially when we
compared with forestal biomes like as Atlantic or Amazonian Forest. This pattern is expected
since Cerrado is considered a tropical savanna, with a considered proportion of open areas.
Moreover, this condition seems to be associate to hot weather and low air humidity inside

forest areas of Cerrado, where normally these species occur (Colli et al. 2002).

Occurrence of species that may be found over other phytogeography areas, contributed to
the species pool observed here. Anuran species richness in the Brazilian Cerrado has been
explained as a consequence of Cerrado habitat environmental heterogeneity (Colli et al.
2002, Nogueira et al. 2009), and by contact with Amazonia Forest, Atlantic Forest, Caatinga,
and Chaco, with an overlapping of biogeographic histories (Valdujo et al. 2012). Added to
high anuran species richness, a considerable endemism rate emphasizes the importance of
studies that can contribute to knowledge of the Cerrado diversity (Valdujo et al. 2012).
However, many areas in the state of Goias and Brazilian Cerrado should yet to be

inventoried, and there are several localities where surveys should be reinforced, which
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suggest that anurofauna in the Cerrado biome are still underestimated (Diniz-Filho et al.
2005, Silvano and Segalla 2005, Valdujo et al. 2012). It is possible that many species that
were not formally described by science have been extinct (Whittakker et al. 2005). As
predicted by Diniz-Filho et al. (2005), several species with small body size were not known
by scientific community due lack knowledge from the region of interest. This pattern can be
corroborated by recently species descriptions (e.g. Scinax pusillus — Pombal et al. 2011,
Ameerega berohoka — Vaz-Silva and Maciel 2011; Adenomera cotuba and A. juikitam —
Carvalho and Giaretta 2013), and because of this many those species are data deficient or
were not evaluated following IUCN criteria. There are probably more species to be
descripted and to be discovered by science. Thus, the species number of anurans in the
state of Goias and consequently in the Brazilian Cerrado will increase even more during the

next years.

As is known, habitat loss and intensification of agriculture activities have negatively impacted
species diversity and abundance of amphibians (Stuart et al. 2004, Becker et al. 2007). The
Cerrado biome still has high expectation of intensifying their agricultural frontier, and it has
been highly threatened by increased habitat loss (Klink and Moreira 2002, Schiesari and
Grillistch 2011). Thus, it becomes urgent discussions and implementation of strategies that
maximize efforts to conserve amphibians in this biome and in the other parts of the world
(Young et al. 2001, Silvano and Segalla 2005, Diniz-Filho et al. 2009). Therefore, studies like
this are important because provide information about occurrence of species in different
regions in the state of Goiés, and consequently in the Cerrado biome. A systematization and
description of species distributions patterns is the first step to understand the mechanism

which are driving anuran communities (Valdujo et al. 2012).
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Table 1. Geographical location of 146 water bodies surveyed in the state of Goias,

Brazil.

Ladscape Pond code Latitude Longitude
Landscape 1 (L1) Site 1 -46.84666 -13.69103
Site 2 -46.84300 -13.70849

Site 3 -46.82911 -13.70437

Site 4 -46.82630 -13.68038

Site 5 -46.87074 -13.61987

Site 6 -46.96302 -13.69521

Landscape 2 (L2) Site 7 -46.87223 -13.84411
Site 8 -46.90405 -13.75715

Site 9 -46.82923 -13.80382

Site 10 -46.78417 -13.86663

Site 11 -46.80974 -13.83683

Site 12 -46.85291 -13.78571

Site 13 -46.88168 -13.93844

Landscape 3 (L3) Site 14 -47.53414 -14.28447
Site 15 -47.51892 -14.49711

Site 16 -47.57891 -14.47548

Site 17 -47.63063 -14.28833

Site 18 -47.52320 -14.41306

Site 19 -47.51535 -14.32392

Site 20 -47.60861 -14.35013

Site 21 -47.58993 -14.35087

Site 22 -47.64447 -14.31230

Landscape 4 (L4) Site 23 -47.56330 -14.73322
Site 24 -47.55355 -14.72789

Site 25 -47.53941 -14.61175

Site 26 -47.52669 -14.65993

Site 27 -47.64401 -14.58648

Landscape 5 (L5) Site 28 -50.98154 -14.87546
Site 29 -50.96453 -14.76405

Site 30 -50.97963 -14.85642

Site 31 -50.98027 -14.88871

Site 32 -50.96459 -14.76400

Site 33 -50.97731 -14.81927

Site 34 -50.91181 -14.69426

Site 35 -50.83342 -14.96622

Site 36 -50.78246 -14.92639

Site 37 -50.77708 -14.85250

Landscape 6 (L6) Site 38 -51.11599 -15.33093
Site 39 -51.12589 -15.36272

Site 40 -51.07017 -15.45616

Site 41 -51.06906 -15.38487

Landscape 7 (L7) Site 42 -47.65840 -16.21173
Site 43 -47.67249 -16.12817

Site 44 -47.70883 -16.09888

Site 45 -47.72364 -16.10909

Site 46 -47.67822 -16.10908

Site 47 -47.68064 -16.05431

Site 48 -47.60990 -16.12602
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Ladscape Pond code Latitude Longitude
Landscape 8 (L8) Site 49 -48.37849 -16.39842
Site 50 -48.40567 -16.41786

Site 51 -48.47326 -16.47452

Site 52 -48.47780 -16.43202

Site 53 -48.44280 -16.46549

Site 54 -48.43357 -16.44765

Landscape 9 (L9) Site 55 -51.10805 -16.80075
Site 56 -51.13783 -16.76715

Site 57 -51.03234 -16.77583

Site 58 -51.06884 -16.80673

Site 59 -51.09909 -16.88769

Site 60 -51.13158 -16.85313

Landscape 10 (L10) Site 61 -47.44696 -16.78539
Site 62 -47.35887 -16.86050

Site 63 -47.26977 -16.90803

Site 64 -47.30827 -16.86667

Site 65 -47.25495 -16.89093

Site 66 -47.44366 -16.83297

Site 67 -47.42547 -16.79221

Site 68 -47.41719 -16.82065

Landscape 11 (L11) Site 69 -51.46745 -17.24056
Site 70 -51.36153 -17.19265

Site 71 -51.86924 -17.33796

Site 72 -51.89152 -17.28975

Site 73 -51.44235 -17.21572

Site 74 -51.46844 -17.21082

Landscape 12 (L12) Site 75 -49.36240 -17.40496
Site 76 -49.34385 -17.43270

Site 77 -49.36326 -17.47468

Site 78 -49.27620 -17.49405

Site 79 -49.34764 -17.42079

Site 80 -49.35492 -17.42575

Site 81 -49.32304 -17.36864

Site 82 -49.37065 -17.42583

Site 83 -49.47584 -17.43700

Landscape 13 (L13) Site 84 -48.35661 -17.40155
Site 85 -48.40864 -17.44053

Site 86 -48.38332 -17.40376

Site 87 -48.39866 -17.41829

Site 88 -48.40158 -17.42190

Site 89 -48.38397 -17.45221

Site 90 -48.45634 -17.32725

Site 91 -48.43857 -17.32291

Site 92 -48.30927 -17.30275

Landscape 14 (L14) Site 93 -51.65510 -17.71865
Site 94 -51.56791 -17.68387

Site 95 -51.62569 -17.71140

Site 96 -51.63255 -17.73722

Site 97 -51.52722 -17.57358

Site 98 -51.53880 -17.54919

Site 99 -51.53881 -17.54919

Site 100 -51.70738 -17.67462

Site 101 -51.69717 -17.62131
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Ladscape Pond code Latitude Longitude
Landscape 15 (L15) Site 102 -52.66128 -18.04371
Site 103 -52.61319 -18.23584

Site 104 -52.60674 -18.23556

Site 105 -52.72495 -18.00507

Site 106 -52.57946 -18.23293

Landscape 16 (L16) Site 107 -51.14320 -18.23985
Site 108 -51.03950 -18.11085

Site 109 -51.12025 -18.10498

Site 110 -51.11956 -18.20267

Site 111 -51.15503 -18.15154

Site 112 -51.09069 -18.22123

Site 113 -51.07094 -18.19755

Site 114 -51.08348 -18.17433

Site 115 -51.05573 -18.12625

Landscape 17 (L17) Site 116 -52.00917 -18.35927
Site 117 -52.18723 -18.42779

Site 118 -52.08289 -18.45008

Site 119 -52.07329 -18.45659

Site 120 -52.23487 -18.46953

Site 121 -52.24154 -18.45776

Site 122 -52.10810 -18.37642

Landscape 18 (L18) Site 123 -50.92379 -18.70928
Site 124 -50.97166 -18.67270

Site 125 -50.88402 -18.73352

Site 126 -50.87427 -18.72044

Site 127 -50.90222 -18.73140

Site 128 -50.91433 -18.65751

Site 129 -50.93675 -18.64684

Site 130 -50.94501 -18.59052

Extra site 1 (ES1) Site 131 -15.86986 -50.91033
Site 132 -15.83236 -50.90014

Site 133 -15.84336 -50.90578

Site 134 -15.86664 -50.76725

Site 135 -15.85131 -50.76406

Extra site 2 (ES2) Site 136 -50.07061 -15.99511
Site 137 -50.07219 -15.99911

Site 138 -50.15881 -15.89011

Site 139 -50.13923 -15.89900

Extra site 3 (ES3) Site 140 -13.25683 -50.13661
Site 141 -13.26669 -50.12025

Site 142 -13.26736 -50.12089

Site 143 -13.26494 -50.11031

Site 144 -13.32250 -50.27639

Site 145 -13.30158 -50.28533

Site 146 -13.29644 -50.24097
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Table 2. Species list of anurans sampled in state of Goias, Brazil. Abbreviations: A = Association degree with the Cerrado, D =
distribution pattern, E = Cerrado endemic, O = species that occur in open domains, M = marginal species, S = species with
meridional distribution that occur in Cerrado, T = typical species, W = widely distributed, AM = species occurring in both Amazonia
and Cerrado, AT = species occurring both in Atlantic Forest and Cerrado, CA = species occurring both in Caatinga and Cerrado, ,
RM = Reproductive Mode (sensuHaddad and Prado, 2005; Wells, 2007; Haddad et al., 2013), RL = Red List (IUCN 2014), NL = No
Listed, LC = Least Concern, DD = Data Deficient.

TAXON LANDSCAPE A D RM RL
AMPHIBIA
ANURA
Bufonidae
Rhinella mirandaribeiroi (Gallardo, 1965) L3 T E 1 NL
Rhinella rubescens (Lutz, 1925) L8 T E 1 LC
Rhinella schneideri (Werner, 1894) L1,L2,L5L7 —-L10, L12 — L15, L17, ES], ES2 T W 1-2 LC

Craugastoridae
Barycholos ternetzi (Miranda-Ribeiro,

1037) L4,L7,L8,L13, L16, ES3 T E 23 LC
Dendrobatidae

Ameerega flavopicta (Lutz, 1925) 213,272 T E 20 LC
Hylidae

Bokermannohyla pseudopseudis L3 T E 5 LC

(Miranda-Ribeiro, 1937)
Bokermannohyla sapiranga Brandao,
Magalhaes, Garda, Campos, Sebben, L8 T E 2 NL
and Maciel, 2012

Dendropsophus cruzi (Pombal and

Bastos, 1998) L8,L9,L11-114,1L16 -L18, ES1 - ES3 T E 1 LC
Dendropsophus jimi (Napoli and B B B

Caramaschi, 1999) L5-1L18,L10-112,L14-118 T E 1 LC
Dendropsophus minutus (Peters, 1872) L1 -1L18, ES1 - ES3 T W 1 LC
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TAXON LANDSCAPE A D RM RL
1D§g%ropsophus melanargyreus (Cope, 641 T W 1 LC
Dendropsophus nanus (Boulenger, 1889) L1, L2,L5-L7,L9,L12,L16, L18, ES1 — ES3 T W LC
Dendr_ppsophus rubicundulus (Reinhardt L1_16,L8 L9, L11, L13—L18 ESL— ES3 T E LC
and Lutken, 1862)

Dendropsophus soaresi (Caramaschi

and Jim, 1983) L3, L8, L16, ES3 M CA 1 LC
Hypsiboas albopunctatus (Spix, 1824) L3 -L5,L7-L18, ES], ES3 T W 1 LC
ngdsr;boas crepitans (Wied-Neuwied, L1 12 T W 4 LC
Hypsiboas goianus (Lutz, 1968) L8, L13 T E 1 LC
Hypsiboas lundii (Burmeister, 1856) L3-L5,L7,L8,L10-L14,L17,L18 T E 4 LC
Hypsiboas paranaiba Carvalho and

Giaretta, 2010 L12, 114,116, L18, ES3 T E 1 NL
Hypsiboas phaeopleura (Caramaschi

and Cruz, 2000) L3 T B 1 DD
Hypsiboas punctatus (Schneider, 1799) L5 T W 1-2 LC
Hypsiboas raniceps (Cope, 1862) L1, L2, L5,L6,L9,L11,L12,L14,L18, ES1-ES3 T W 1 LC
Lysapsus caraya Gallardo, 1964 L5, ES1, ES3 T E 1 LC
Phyllomedusa azurea Cope, 1862 L1-L14,L6-1L9,L11—-L14, L16, L17, ES2, ES3 T E 24 DD
Phyllomedusa oreades Brandao, 2002 L3 T E 24 DD
Pseudis bolbodactyla Lutz, 1925 L5, L6, L9, L11 - L13, L16, L18, ES1, ES2 T AT 1 LC
fglgnélx centralis Pombal and Bastos, 113 T E LC
Scinax constrictus Lima, Bastos, and

Giaretta, 2005 L5, L12, L18, ES1 - ES3 T E 1 LC
Scinax fuscomarginatus (Lutz, 1925) L3-L112,1L14,1L16 —L18, ES1 - ES3 T W 1 LC
Scinax fuscovarius (Lutz, 1925) L1-L14,L9-L12,1L14-1L17, ES1 - ES3 T W 1 LC
Scinax pusillus Pombal, Bilate, Gambale, L5, L10, L11, L14, L15, L17 T E 1 NL
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TAXON LANDSCAPE A D RM RL
Signorelli, and Bastos, 2011
Scinax rogerioi Pugliese, Baéta, and
Pombal, 2009 L3, L10 T E 1 NL
Scinax similis (Cochran, 1952) L3, L4, L16, L18, ES1 — ES3 M AT 1 LC
Scinax squalirostris (Lutz, 1925) L3 T S 1 LC
Trachycephalus typhonius (Linnaeus, L8 L9, L13 1 LC
1758)
Leptodactylidae
Adenomera hylaedactyla (Cope, 1868) L11,L14,L17 T AM 32 LC
Adenomera saci(Bokermann, 1956) L9, L16, L18 T E 32 LC
Leptodactylus furnarius Sazima and
Bokermann, 1978 13,19, 116 30 LC
Leptodactylus fuscus (Schneider, 1799) L1,L2,L6,L7,L9-111,L14-118, ES1 - ESS3 w 1;)[0_ LC
Leptodactylus labyrinthicus (Spix, 1824) L1 —-L112,1.14- 118, ES1-ES3 W 11 LC
Leptodactylus latrans (Steffen, 1815) L1, L2,L5-L15,L17,L18, ES1 - ES3 W 1:;[0_ LC
Leptodactylus leptodactyloides
(Andersson, 1945)* L12,L17 rw 1 LC
Leptodactylus mystaceus (Spix, 1824) L7, L9 T W 30 LC
Iiggtlo)dactylus mystacinus (Burmeister, L7 110, L12 T AT 30 LC
Leptodactylus podicipinus (Cope, 1862) L1,L2,L5,L9,L11-115,117,L18, ES]1, ES3 T O 11 LC
Leptodactylus pustulatus (Peters, 1870) L5, L6, ES3 T E 11 LC
Leptodactylus sertanejo Giaretta and
Costa, 2007 L3 T E 1 LC
Physalaemus centralis Bokermann, 1962 L2,L5-L7,L9,L11, 112,114 —-118, ES1 — ES3 T E 11 LC
Physalaemus cuvieri Fitzinger, 1826 L1-L4,L7-1L18, ES1-ES3 T W 11 LC
Physalaemus marmoratus (Reinhardt L11,L16 T E 11 LC
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TAXON LANDSCAPE RM RL
and Lutken, 1862)
Egélg?laemus nattereri (Steindachner, L1 13,L6—L10, L15, L17, ESL — ES3 11 LC
Pseudopaludicola saltica (Cope, 1887) L3, L4 1 LC
Pseudopaludicola mystacalis (Cope,
1887) ES2 1 LC
Microhylidae
Chiasmocleis albopunctata (Boettger,
1885) L3 1 LC
Dermatonotus muelleri (Boettger, 1885) L1, ES3 1 LC
Elgazcor;lstoclels cesarii (Miranda-Ribeiro, L2~ L12, L14, L16 — L18, ES1 — ES3 1 NL
Odontophrynidae
Odontophrynus cultripes Reinhardt and
Liitken, 1862 L1, L3,L12,L13 1 LC
Odontophrynus salvatori Caramaschi, L3 1 DD

1996
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Table 3. Species list of anurans sampled in the state of Goias according to scientific literature. Abbreviations: A = Association
degree with the Cerrado, E = Cerrado endemic, O = species that occur in open domains, W = widely distributed, S = species with
meridional distribution that occur in Cerrado, AM = species occurring in both Amazonia and Cerrado, AT = species occurring both in
Atlantic Forest and Cerrado, CA = species occurring both in Caatinga and Cerrado, , RM = Reproductive Mode (sensuHaddad and
Prado, 2005; Wells, 2007; Haddad et al., 2013), RL = Red List (IUCN 2014), NL = No Listed, LC = Least Concern, DD = Data
Deficient.

TAXA A RM RL REFERENCE

AMPHIBIA

ANURA

Aromobatidae

Allobates goianus (Bokermann, 1975) E 20 DD Bastos et al. 2003, Valdujo et al. 2012

Bufonidae

Rhaebo guttatus (Schneider, 1799) AM 1 LC Valdujo et al. 2012

Rhinella cerradensis Maciel, Branddo, Campos, and E 1* DD Valdujo et al. 2012, Santos et al. 2014

Sebben, 2007

Rhinella inopina Vaz-Silva, Valdujo, and Pombal, E 1* NL Vaz-Silva et al. 2012

2012

Rhinella mirandaribeiroi (Gallardo, 1965) E 1 LC Cintra et al. 2009, Vaz-Silva et al. 2007, Morais et
al. 2011, Valdujo et al. 2012, Mello et al. 2013

Rhinella ocellata (Glnther, 1858) E 1* LC Borges and Juliano 2007, Vaz-Silva et al. 2007,
Santos et al. 2014

Rhinella rubescens (Lutz, 1925) E 1 LC Bastos et al. 2003

Rhinella schneideri (Werner, 1894) W 1-2 LC Bastos et al. 2003, Borges and Juliano 2007, Vaz-

Silva et al. 2007, Cintra et al. 2009, Campos and
Vaz-Silva 2010, Oda et al. 2009, Kopp et al. 2010,
Morais et al. 2011, Nomura et al. 2012, Mello et al.
2013, Santos et al. 2014

Brachycephalidae

Ischnocnema juipoca (Sazima and Cardoso, 1978) S 23 LC Bastos et al. 2003

Craugastoridae
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Barycholos ternetzi (Miranda-Ribeiro, 1937)

Oreobates remotus Teixeira, Amaro, Recoder,
Sena, and Rodrigues, 2012

Pristimantis ventrigranulosus Maciel, Vaz-Silva,
Oliveira, and Padial, 2012

Dendrobatidae

Ameerega berohoka Vaz-Silva and Maciel, 2011
Ameerega flavopicta (Lutz, 1925)

Hylidae

Aplastodiscus perviridis Lutz, 1950
Bokermannohyla pseudopseudis (Miranda-Ribeiro,
1937)

Bokermannohyla sapiranga Brandao, Magalhaes,
Garda, Campos, Sebben, and Maciel, 2012
Corythomantis greeningi Boulenger, 1896
Dendropsophus anataliasiasi (Bokermann, 1972)
Dendropsophus cruzi (Pombal and Bastos, 1998)

Dendropsophus jimi (Napoli and Caramaschi, 1999)

Dendropsophus melanargyreus (Cope, 1887)
Dendropsophus minutus (Peters 1872)

£=

23

23

23

20
20

[ —
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LC

NL

NL

NL

LC

LC
LC

NL
LC

LC
LC

LC

LC
LC

Bastos et al. 2003, Borges and Juliano 2007, Cintra
et al. 2009, Oda et al. 2009, Campos and Vaz-Silva
2010, Nomura et al. 2012, Santos et al. 2014
Andrade et al. 2012

Valdujo et al. 2012

Vaz-Silva and Maciel 2011
Oda et al. 2009, Santos et al. 2014

Bastos et al. 2003
Valdujo et al. 2012

Brandao et al. 2012

Pombal Jr. et al. 2012

Cintra et al. 2009

Bastos et al. 2003, Vaz-Silva et al. 2007, Oda et al.
2009, Campos and Vaz-Silva 2010, Kopp et al.
2010, Morais et al. 2011, Nomura et al. 2012,
Valdujo et al. 2012, Mello et al. 2013, Santos et al.
2014

Borges and Juliano 2007, Vaz-Silva et al. 2007,
Kopp et al. 2010, Morais et al. 2011

Nomura et al. 2012, Santos et al. 2014

Bastos et al. 2003; Borges and Juliano 2007, Vaz-
Silva et al. 2007; Cintra et al. 2009, Oda et al.
2009; Campos and Vaz-Silva 2010; Kopp et al.
2010, Morais et al. 2011, Nomura et al. 2012, Mello
et al. 2013, Santos et al. 2014



Dendropsophus nanus (Boulenger, 1889)

Dendropsophus rubicundulus (Reinhardt and
Litken, 1862)

Dendropsophus soaresi (Caramaschi and Jim,
1983)

Hypsiboas albopunctatus (Spix, 1824)

Hypsiboas crepitans (Wied-Neuwied, 1824)
Hypsiboas ericae (Caramaschi and Cruz, 2000)
Hypsiboas goianus (Lutz, 1968)

Hypsiboas lundii (Burmeisteri, 1856)

Hypsiboas paranaiba Carvalho and Giaretta, 2010

Hypsiboas phaeopleura (Caramaschi and Cruz,
2000)
Hypsiboas punctatus (Schneider, 1799)

CA

I'I'II'I'II'I'IE

IS

LC

LC

LC

LC

LC
DD
LC
LC

NL

DD

LC

Vaz-Silva et al. 2007, Cintra et al. 2009, Campos
and Vaz-Silva 2010, Morais et al. 2011, Nomura et
al. 2012, Valdujo et al. 2012, Mello et al. 2013,
Santos et al. 2014

Bastos et al. 2003, Vaz-Silva et al. 2007, Campos
and Vaz-Silva 2010, Morais et al. 2011, Nomura et
al. 2012, Mello et al. 2013, Santos et al. 2014
Bastos et al. 2003, Borges and Juliano 2007, Vaz-
Silva et al. 2007, Oda et al. 2009, Morais et al.
2011, Santos et al. 2014

Bastos et al. 2003, Borges and Juliano 2007, Vaz-
Silva et al. 2007, Cintra et al. 2009, Oda et al.
2009, Campos and Vaz-Silva 2010, Kopp et al.
2010, Morais et al. 2011, Nomura et al. 2012,
Valdujo et al. 2012, Mello et al. 2013, Santos et al.
2014

Cintra et al. 2009

Valdujo et al. 2012

Bastos et al. 2003, Valdujo et al. 2012

Bastos et al. 2003, Borges and Juliano 2007, Vaz-
Silva et al. 2007, Cintra et al. 2009, Oda et al.
2009, Campos and Vaz-Silva 2010, Kopp et al.
2010, Morais et al. 2011, Nomura et al. 2012,
Valdujo et al. 2012, Mello et al. 2013, Santos et al.
2014

Vaz-Silva et al. 2007, Oda et al. 2009, Morais et al.
2011, Nomura et al. 2012, Mello et al. 2013, Santos
etal. 2014

Valdujo et al. 2012

Mello et al. 2013



Hypsiboas raniceps (Cope, 1862)

Lysapsus caraya Gallardo, 1964
Phyllomedusa azurea Cope, 1862

Phyllomedusa nordestina Caramaschi, 2006
Phyllomedusa oreades Brandao, 2002
Pseudis bolbodactyla Lutz, 1925

Scinax centralis Pombal and Bastos, 1996

Scinax constrictus Lima, Bastos and Giaretta, 2004

Scinax fuscomarginatus (Lutz, 1925)

Scinax fuscovarius (Lutz, 1925)

Scinax pusillus Pombal, Bilate, Gambale, Signorelli,
and Bastos, 2011

CA

AT

E

E

24

52

LC

LC
DD

DD
DD
LC

LC

LC

LC

LC

NL

Borges and Juliano 2007, Vaz-Silva et al. 2007,
Cintra et al. 2009, Oda et al. 2009, Campos and
Vaz-Silva 2010, Kopp et al. 2010, Morais et al.
2011, Nomura et al. 2012, Mello et al. 2013
Valdujo et al. 2012, Mello et al. 2013

Bastos et al. 2003, Borges and Juliano 2007, Vaz-
Silva et al. 2007, Cintra et al. 2009, Oda et al.
2009, Campos and Vaz-Silva 2010, Morais et al.
2011, Nomura et al. 2012, Valdujo et al. 2012,
Mello et al. 2013, Santos et al. 2014

Valdujo et al. 2012

Valdujo et al. 2012

Bastos et al. 2003, Borges and Juliano 2007, Vaz-
Silva et al. 2007, Cintra et al. 2009, Campos and
Vaz-Silva 2010, Morais et al. 2011, Valdujo et al.
2012, Mello et al. 2013, Santos et al. 2014

Bastos et al. 2003, Campos and Vaz-Silva 2010,
Nomura et al. 2012, Valdujo et al. 2012

Campos and Vaz-Silva 2010, Morais et al. 2011,
Valdujo et al. 2012, Mello et al. 2013

Bastos et al. 2003, Borges and Juliano 2007, Vaz-
Silva et al. 2007, Cintra et al. 2009, Oda et al.
2009, Campos and Vaz-Silva 2010, Kopp et al.
2010, Morais et al. 2011, Nomura et al. 2012, Mello
et al. 2013, Santos et al. 2014

Vaz-Silva et al. 2007, Cintra et al. 2009, Oda et al.
2009, Campos and Vaz-Silva 2010, Kopp et al.
2010, Morais et al. 2011, Nomura et al. 2012,
Valdujo et al. 2012, Mello et al. 2013, Santos et al.
2014

Morais et al. 2011, Valdujo et al. 2012



Scinax rogerioi Pugliese, Baéta, and Pombal, 2009
Scinax similis (Cochran, 1952)

Scinax skaios Pombal, Carvalho, Canelas, and
Bastos, 2010

Scinax squalirostris (Lutz, 1925)

Scinax x-signatus (Spix, 1824)

Trachycephalus mambaiensis Cintra, Silva, Silva,
Garcia, and Zaher, 2009
Trachycephalus typhonius (Linnaeus, 1758)

Leptodactylidae
Adenomera cotuba Carvalho and Giaretta, 2013
Adenomera hylaedactyla (Cope, 1868)

Adenomera juikitam Carvalho and Giaretta, 2013
Adenomera saci (Bokermann, 1956)

Leptodactylus furnarius Sazima and Bokermann,

1978
Leptodactylus fuscus (Schneider, 1799)

Leptodactylus labyrinthicus (Spix, 1824)

=

[

32
32

32
32

30

11 -
30

11

53

NL
LC
NL

LC
LC

NL

LC

NL
LC

NL
LC

LC

LC

Pugliese et al. 2009
Cintra et al. 2009, Nomura et al. 2012
Valdujo et al. 2012

Valdujo et al. 2012

Vaz-Silva et al. 2007, Campos and Vaz-Silva 2010,
Morais et al. 2011, Santos et al. 2014

Cintra et al. 2009

Borges and Juliano 2007, Vaz-Silva et al. 2007,
Nomura et al. 2012, Valdujo et al. 2012, Mello et al.
2013, Santos et al. 2014
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Leptodactylus latrans (Steffen, 1815)

Leptodactylus leptodactyloides (Andersson, 1945)
Leptodactylus mystaceus (Spix, 1824)

Leptodactylus mystacinus (Burmeister, 1861)

Leptodactylus petersii (Steindachner, 1864)
Leptodactylus podicipinus (Cope, 1862)

Leptodactylus pustulatus (Peters, 1870)
Leptodactylus sertanejo Giaretta and Costa, 2007
Leptodactylus syphax Bokermann, 1969

Leptodactylus tapiti Sazima and Bokermann, 1978
Leptodactylus vastus Lutz, 1930

Physalaemus centralis Bokermann, 1962

Physalaemus cuvieri Fitzinger, 1826
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Physalaemus marmoratus (Reinhardt and Lutken,
1862)
Physalaemus nattereri (Steindachner, 1863)

Pleurodema diplolister (Peters, 1870)
Pseudopaludicola falcipes (Hensel, 1867)

Pseudopaludicola mystacalis (Cope, 1887)
Pseudopaludicola saltica (Cope, 1887)

Pseudopaludicola ternetzi Miranda-Ribeiro, 1937
Microhylidae
Chiasmocleis albopunctata (Boettger, 1885)

Chiasmocleis centralis Bokermann, 1952
Dermatonotus muelleri (Boettger, 1885)
Elachistocleis cesarii(Miranda-Ribeiro, 1920)

Odontophrynidae

Odontophrynus cultripes Reinhardt and Lutken,
1862

Odontophrynus salvatori Caramaschi, 1996
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2014
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Proceratophrys bagnoi Brandéo, Caramaschi, Vaz-
Silva, and Campos, 2013

Proceratophrys cristiceps (Muller, 1883)
Proceratophrys dibernardoi Brand&ao, Caramaschi,
Vaz-Silva, and Campos, 2013

Proceratophrys goyanus (Miranda-Ribeiro, 1937)

Proceratophrys vielliardi Martins and Giaretta, 2011
Pipidae

Pipa pipa (Linnaeus, 1758)

Ranidae

Lithobates palmipes (Spix, 1824)
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Brandao et al. 2013

Cintra et al. 2009, Oda et al. 2009
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2012, Valdujo et al. 2012, Santos et al. 2014
Valdujo et al. 2012

Vaz-Silva and Andrade 2009, Valdujo et al. 2012

Valdujo et al. 2012
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Figure 1. Landscapes and sites surveyed in the state of Goias, Brazil.
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Figure 2. Species recorded in the state of Goiés: 1- Rhinella mirandaribeiroi, 2 - R.
rubescens, 3 — R. schneideri, 4- Barycholos ternetzi, 5- Ameerega flavopicta, 6-
Bokermannohyla sapiranga, 7 - Dendropsophus cruzi, 8- D. jimi, 9- D. melanargyreus, 10 -
D. minutus, 11 - D. nanus, 12 - D. rubicundulus, 13 — D. soaresi, 14- Hypsiboas
albopunctatus, 15- H. creptans.
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Figure 3. Species recorded in the state of Goias: 16- Hypsiboas goianus, 17 - H. lundii, 18 -
H. paranaiba, 19 - H. phaeopleura, 20- H. punctatus, 21 - H. raniceps, 22 - Lysapsus caraya,
23 - Phyllomedusa auzurea, 24 - P. oreades, 25 - Pseudis bolbodactyla, 26 - Scinax
centralis, 27 - Scinax constrictus, 28 - S. fuscomarginatus, 29 - S. fuscovarius, 30- S.
pusillus.
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Figure 4. Species recorded in the state of Goias: 31- Scinax squalirostris, 32 - S. rogerioi, 33
- S. similis, 34 - Trachycephalus typhonius, 35 - Adenomera hylaedactyla, 36 - A. saci, 37 -
Leptodactylus furnarius, 38 - L. fuscus, 39 - L. labyrinthicus, 40 - L. latrans, 41 - L.
leptodactyloides, 42 - L. mystaceus, 43 - L. mystacinus, 44 - L. podicipinus, 45- L. pustulatus.
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Figure 5. Species recorded in the state of Goias: 46- Leptodactylus sertanejo, 47 -
Physalaemus centralis, 48 - P. cuvieri, 49 - P. marmoratus, 50 - P. nattereri, 51 -
Pseudopaludicola mystacallis, 52 - P. saltica, 53- Chiasmocleis albopunctata, 54 -
Dermatonotus muelleri, 55 - Elachistocleis cesarii, 56 - Odontophrynus cultripes, 57 - O.
salvatori
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Abstract

We investigated the area, energy and heterogeneity effects on anuran species richness and beta
diversity in ponds from Brazilian Cerrado. We were able to test some of the most claimed mechanism
argued to explain diversity patterns of anurans in ecosystems with relatively discrete boundaries, such
ponds: the species-area relationships, species-energy relationships and heterogeneity-diversity
relationships. In addition, we attempt to clarify if these predictors explain beta diversity in order to
account for the main drivers of the anuran metacommunities. Alpha and beta diversity were driven by
different mechanisms acting in distinct scales: While alpha diversity was explained by productivity and
local heterogeneity mainly, beta diversity was explained by only heterogeneity and complexity in local
and in the landscape scale (a buffer around the ponds). We discuss the effect of productivity in the
context of theoretical expectation of hypothesis of more individuals, while heterogeneity influence
upon anurans under lights of metacommunity niche theory (e.g., sorting species). These results
highlights the importance of different processes driving anuran regional diversity pattern in the
hotspots Brazilian Cerrado, and enable us to discuss how improve the understanding of conservation

strategies from this threatened group.

Key-words: Alpha diversity, beta diversity, species-area relationship, species-energy, Anura,

pondsmetacommunities
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Introduction

The intriguing patterns of species diversity and composition has generated a set of theoretical
models in metapopulation and metacommunity ecology since the middle 1960s [1]-[3]. The species-
area relationship (SAR), one attractive model based on the simply initial prediction proposed by
Arrhenius [4] that the number of species increases continuously with the area. These patterns was
incorporated by the Island Biogeography Theory (IBT) [3] providing a meaningful process to explain
SAR. In agreement with IBT, the balance between immigration of new species and extinction of
resident species are both dependent on the area and the isolation of the island. Thus, the total number
of species present on islands are constant due temporal turnover, with islands near to the source pool
expected to have more species at equilibrium, because of rescue effect of the immigration rate

minimizing the local species extinction [5].

As an alternative to IBT,Wright [1] proposed the species-energy theory (SET), which suggests
that population sizes are principally affected by available energy, measured by the total amount of
available resource production on an island. Differences in available energy between islands can distort
the species-area relationship, suggesting that area alone cannot be a precise predictor of species
diversity. Increases in available energy, similar to increases in area, should result in proportional
increases in the total number of individuals [1]. In animal communities, for instance, the positive
correlations between species richness and productivity are attributed to the “More Individuals
Hypothesis” (MIH) [6], in which species richness in a given area is limited by the productivity and
ability of such sites to support large populations of each species. Thus, positive correlations among
total number of individuals (a proxy to productivity), and richness are sufficient to corroborate both the

more individuals hypothesis and species-energy theory [6].

Both theories, TBI and SET, have been focused only in stochastic effects of energy and area
on species richness, non-considering the importance of habitat heterogeneity. The habitat
heterogeneity is an important component that could be associated with species-area relationship,
since habitat availability tends to increase as the area increases [7], [8]. In this case, larger areas
probably would have different kinds of habitats [7], it would expected to hold species with different
requirements allowing more species to coexist [9], [10]. According to SET, area is a variable that could

be correlated to the heterogeneity of resources, being an indirect available energy measure [1]. Larger
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areas could provide a greater portion of available habitat and a greater amount of resources [7],

consequently, a greater number of individuals and species [1].

The area, energy and habitat quality effects on species richness vary widely among taxonomic
groups [1],[8],[11],[12], however, such effects have been less explored regarding change in species
composition (beta diversity) [13]. Otherwise ponds communities are bounded by terrestrial habitat, and
may function like islands of habitat inserted in a terrestrial matrix [14],[15]. The degree which this
terrestrial habitats affect the communities will differ between species [14]. Anurans populations, for
example, which use ponds as sites for ovipostion, are inserted in a discret habitat patch wich are finely
shaped on the environment around [16]. Most of them have limited vagility and some ecological,
physiological and behavioral characteristics that restrict their dispersion ability [17]—[19]. Due to their
permeable skin, anurans should select microhabitats that provide moisture for water uptake through
the skin, which limits the migration distance [19]. Furthermore, most anurans species show little
resistance to evaporative water loss from the body [18],[20]. For these reasons amphibians are good

models for the study of some driving mechanisms in the metacommunity dynamics.

Herein, our study encompass both local and landscape factors driving alpha and beta diversity
of anuran metacommunities on breeding ponds. Firstly, we investigated the area effects on anuran
species richness, and our prediction, according to TBI, is that (i) alpha diversity increases with pond
sizes due the effect that passive sampling of rare species insofar more individuals are sampled. Given
that the total number of individuals in a community may reflect the increase on local productivity [1]
and this effect is not necessarily related with pond size, our prediction is that (ii) alpha diversity
increases with the number of individuals (as a proxy for productivity) in local communities. Considering
that environmental heterogeneity can explain the variation on richness because of more habitats
enable more distinct species to co-occur locally, regardless of the area and productivity effect, we
predict that (i) alpha diversity increases with habitat heterogeneity, and this effect is potentially higher
considering landscape heterogeneity and complexity around the ponds. Finally, we explore possible
relations that could emerge from the landscape scale and will be more related to the spatial
organization of both ponds and vegetation remnants in this area. We test the effect of isolation, local
and landscape complexity and heterogeneity, and abundance on beta diversity among the ponds. We
predict that iv) amphibians beta diversity would increase along with isolation due to dispersive

limitation; v) increase along with local and landscape complexity and heterogeneity due to niche
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availability, and vi) increase along with abundance as an indicative of positive effect of local

productivity within the ponds.

Methods

We obtained the dataset used in this study from the database of the Animal Behavior and
Herpetology Lab, from the Federal University of Goias, Brazil. We compiled data from 39 water bodies
distributed along the southeastern region of state of Goias, Brazil (Figure 1). As a criterion of selection
we used samples that followed the same protocol and whose water bodies presented different areas.
Search for anurans lasted 1h per site and was made along the perimeter of breeding ponds with
combination of both visual and acoustic encounters [30]. Ponds were sampled from 1800 until 2400,

and were surveyed once during the rainy season (October to March) between 2007 and 2011.

Using the geographic coordinates of each pond, we measured the pond perimeter and the
distance from the nearest breeding pond by recent high-resolution aerial photographs of the region
(available from Google Earth). We prefer to use perimeter instead of total area because in most of
anuran species use the edges of ponds to reproduce [27]. The just one exception registered in our

case was Pseudis bolbodactyla, which occur in aquatic or semi aquatic habitats.

Habitat diversity was represented by local heterogeneity and landscape heterogeneity and
complexity. The local heterogeneity was measured in the field, using a protocol of physical
environmental heterogeneity (modified from Nessimian et al.[31]). This protocol comprises five
variables that describe the environmental conditions. Each item is composed of three to five
alternatives arranged to represent more heterogeneous systems. The following variables were
analyzed: depth up to two meters from the edge: (1) shallow (30 cm), (2) intermediate (31-50 cm), (3)
deep (greater than 51 cm); b) vegetation in the interior of the pond (VI): (1) no vegetation, (2) one type,
(3) two types, (4) three or more types; c) vegetation in the edge (VE): (1) no vegetation, (2) one type,
(3) two types, and (4) three or more types; d) vegetation cover on the pond surface (VC), visually
estimated: (1) no vegetation, (2) up to 25%, (3) 26-50%,(4) 51-75%, and (5) 76-100%; e) profile of the
pond edge (PE; slope, flat and gully): (1) one type, (2) two types, and (3) three types. The local

environmental heterogeneity data was transformed to reduce the effect of categorical variables, so
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that each item would have equal weights in the analysis, the observed values were standardized by

dividing by the maximum value possible for the item, defined as:

n -
an Eqg. 1

Where pi is the environmental variable, a, is the observed values and a,, is the maximum

value possible for the item.

To reduce the dimensionality relative to the local heterogeneity data set we carried on a
principal component analysis (PCA). Our objective was to obtain a small number of axes that would
explain most of the total environmental heterogeneity variation among ponds. We selected axes with
eigenvalues greater than the average value of all eigenvalues, using Kaiser-Guttman criterion [32],
[33].Moreover, we discriminated ponds inserted in agriculture matrix and pasture matrix according to

field inspection and used this category to classify ponds in relation to heterogeneity PCA ordination.

The landscape heterogeneity and complexity were calculated using the normalized difference
vegetation index (NDVI), which provides information on vegetation distribution and dynamics [33].
Various studies have shown that NDVI is a useful tool for investigating richness, distribution,
abundance or life history traits from insects [35], birds [36] and mammals [37]. We can use NDVI to
characterize heterogeneity and complexity of vegetation in the landscape. The landscape complexity
is represented by average of vegetation index and is related to vertical systems differentiation.
Heterogeneity is represented by the standard deviation of the vegetation index, representing the
spatial stratification.

The NDVI was calculated from the buffers of 60m around ponds edges, so that ponds area
does not be included. The images were obtained from the Landsat 5TM. The images were selected
according to the sampling date, trying to approximate the most of same rain period in which samples
were collected. Differently the local heterogeneity measure, landscape heterogeneity and complexity

reflect the horizontal and vertical structure of vegetation, respectively.
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Species richness: species-area relationship, species-abundance and

habitat heterogeneity

The hypothesis of species-area, energy, local and landscape environmental were tested by
multiple regression analyses. It was possible because we did not found significative relationships
among the predictors, with all regression present high tolerance level (see table 2). To demonstrate
that our results were not in function of problems associated with sampling methods, we used
individual-based rarefaction [38] and we repeated the analyses substituting observed richness for
rarefied richness. Besides, we did a simple regression between the perimeter (predictor variable) and
number of individuals (response variable) to verify if the number of individuals will increase with the
perimeter of ponds. Finally, we tested if local and landscape heterogeneity and landscape complexity
were influenced by perimeter of ponds, to account for colinearity between predictors with simple
regression. The abundance data were transformed using base-10 logarithms to data normalization

[39].

Beta diversity: abundance, local environmental heterogeneity and

landscape heterogeneity and complexity

To evaluate if the difference on species composition among anurans assemblage can be
explained by the environmental predictors of ponds, we used beta diversity estimates based on
pairwise dissimilarity index [40]. In order to specifically to observe patterns of species substitution, we
calculated the dissimilarity by a probabilistic index based on frequency of species occurrence, namely
Raup-Crick dissimilarity (see details in Chase et al.[13]). The Raup-Crick dissimilarity was calculated
maintaining the column marginal frequencies as probabilities, with 10000 randomizations. We used
the Raup Crick dissimilarity matrix to calculate multivariate regression analysis on distance matrices
[41]. The probabilistic dissimilarity matrix generated by Raup-Crick index was previously transformed
(square root) to control the formation of negative eigenvalues [33]. This procedure satisfactorily

controlled the negative eigenvalues of our data. For this, we used vegan package of R software [42].

Results
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We registered 36 species of anurans in 39 sampling sites, located in the southeastern region
of state of Goias, Brazil. Species are distributed among seven families, being Hylidae the most
representative, following by Leptodactylidae, Leiuperidae, Bufonidae and Cycloramphidae,
respectively (reported in Table S1 in File S1). The other families were represented by one species.
Just four of the 36 species occurred in more than 50% of sampling ponds (Dendropsophus minutus,

Hypsiboas albopunctatus, Scinax fuscomarginatus e Physalaemus cuvieri).

Local heterogeneity

Ordination of local heterogeneity variables reduced data dimensionality into two main axes
that accounts for 63.57% of the total variation. The first principal component accounts for 42.35% with
the most important variables being: vegetation in the interior of the pond, vegetation cover on the pond
surface and vegetation in the edge (Table 1, Fig. 2). The second principal component accounts for
21.04% with the most important variables being: depth, vegetation in the edge and profile of the pond
edge (Table 1). The local heterogeneity measured by the principal components of PCA reflects the
local heterogeneity which indicates the presence of a kind of vertical or horizontal structure, not only in
the edges but also in the interior of the ponds. Moreover, there is no difference between ponds in

agricultural or pasture matrix (Fig. 2).

Alpha diversity: species-area relationship, species-abundance and habitat

heterogeneity

Alpha diversity of breeding ponds anurans assemblage is not related with area and/or with
landscape variables, rejecting the hypotheses that alpha diversity increases in larger areas and with
landscape heterogeneity or complexity (Table 2). Our results corroborate the hypothesis that alpha
diversity increases with the number of individuals in local communities (Figure 3A), but the number of
individuals is not related to the size of the sampled area (R2=0.062; p=0.126). Supporting the more
individuals hypothesis the relationships found when we used richness controlled by individual-based
rarefaction, practically not differ from the results with observed richness, giving a control for passive

sampling effects of the effect of bigger populations (Figure 3B; Table 3).
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Beta diversity: abundance, local environmental heterogeneity and

landscape heterogeneity and complexity

The isolation between sampling ponds and the number of individuals were not important to
determined beta diversity on anuran assemblages. When we evaluated the effect of local
heterogeneity, we found that the second principal component of PCA and the interaction between the
first and second principal components of PCA were correlated with beta diversity. The landscape
complexity and the interaction between landscape complexity and heterogeneity were related with

beta diversity (Table 3).

Discussion

Anuran diversity in breeding ponds was consistently related to the number of individuals and
to heterogeneity within and around ponds. The theory proposed by Wright [1] recognizes available
energy as main factor that determines species richness. Like other authors [43],[44], we do not directly
use available energy within the system, but the evidence of how much energy is available: the total
number of individuals inhabiting ponds. Our results support the More Individual Hypothesis [6] and
indicate the importance of productivity to maintenance of amphibians local diversity within a region. It
suggests that high species richness is a consequence of sites carrying support to large populations
and, moreover, indicated that each Anuran species should be able to select sites according to local
characteristics indicative of available energy. Anurans assemblage inproductive sites probably
translated it into more individuals of each species by having bigger breeds, which plausibly decrease
their chance to become extinct locally, and in consequence holds more distinct species together,
according to theoretical expectations [1].

The species-area relationship has been used as a resource that summarizes diversity patterns
for a large number of taxa [21], but have limitations when applied to ponds [11],[12],[22]. Some groups
of organisms, like as fishes [23], aquatic Coleoptera, Odonata and Gastropoda, have a good fit to
species-area relationship [11], however, these are not the case for Amphibians [12], for which this

relation can be inexistent [11],[24]-[27] or negative [23],[28]. These departures from expected patterns
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can be related to predation pressure by fish which tends to be higher in larger ponds [23],[29],
specially man-made ponds [12].

Effect of habitat heterogeneity on alpha and beta diversity was consistently evidenced by our
analysis, and we attributed this to divergent strategies of habitat choice among species enabling local
habitats holds not only more species but also some species with specific requirements, as predicted
by the niche theory [45]. We have found a good fit to a linear relation among habitat heterogeneity and
local diversity. However, some authors have discussed that area plus habitat heterogeneity could have
an unimodal rather than a positive linear effect on local species richness,because increasing
heterogeneity increases the potential number of species that could co-exist whileshould reduce the
amount of suitable area increasing the likelihood of stochastic extinction [46]. Evidences of other
observational studies suggests that patterns evidenced by these authors should rely upon Amphibians
assemblages inhabiting ponds, because larger ponds generally have lower species diversity [11], but
this expectances was not appropriately tested yet. Two another claims argued in relation to the
absence of area effect for amphibians are related to the presence of high density of predator fishes
and greater depth in larger ponds [23] . Despite this, we found results that support the species —
heterogeneity relationship, as expected by Niche Theory, as well as for productivity, moreover, this
last one is predicted to arguably generate patterns similar to SAR, acting as a neutral processes upon
diversity patterns, as predicted by Species-Energy Theory [1],[47],[48].

In turn, anuran beta diversity was shaped by factors related to habitat heterogeneity and
complexity at local and landscape scale only. Despite their validity to explain local diversity, more
individual hypothesis was not valid to explain the variation on anuran species composition, once the
abundance was not related with beta diversity. Moreover, like species richness, local heterogeneity
also influenced anuran beta diversity pattern in our study. We know that amphibians choice for
vocalization sites are influenced by terrestrial habitats quality around the breeding sites as well as by
characteristics of water bodies [49]. Terrestrials habitats, that surround the ponds, are used for
amphibians hibernation and feeding, being important to population persistence [49]. Therefore, local
and landscape characterization provide clues environmental quality and about factors that are directly
influencing on anurans community.

In addition, we do not support the effect of ponds isolation on anuran alpha and beta diversity,

despite isolation between ponds has been registered by other works as an important determinant to
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pond use and population viability by amphibians (e.g. [16],[50]). Most part of our sampled ponds were
connected by permeable or semi permeable environment, like vegetation corridors, gallery forest or
temporary ponds, which could permit species dispersion, but these factors were not analyzed here
and needs to be evaluated with care further. We do not discard isolation that effects can exert strong
effect in more wide spatial scales, once that we analyze a relatively small region of the Cerrado biome
covering about 56,111 kmZ®on the Southeastern of state of Goids, which could not be the sufficient to
enable us cover biogeographical barriers limiting dispersal for amphibians.Despite landscape variables
did not influence local species richness, these are the most important factor responsible by variation
on species composition between anuran assemblages, contributing for regional species diversity [51].

There are at least four metacommunity models which claims for gradients that account for the
balance among three main mechanism in modern community ecology: the species-sorting dynamics,
mass effect dynamics, patch dynamics and neutral model [14],[52]. These mechanisms are
environmental filtering, dispersive limitation and interspecific interactions among species that co-occur
in the metacommunity [53]. Our results provide information about the processes that are generating
local diversity as well as dissimilarity within studied amphibian metacommunity, and suggest that
factors related to spatial heterogeneity among ponds and to local niche partitioning are most important
then stochastic processes, like dispersive limitation and area effect, contrary to the expectance of IBT.
In this way, the most probable mechanism driving anuran regional diversity is species-sorting
dynamics. We believe that mass effects are not related with anurans assemblage, due to physiological
and behaviors limitations that restrict your dispersive potential [17],[54]. Moreover, despite the most
part of anuran species recorded in this work being generalist, we found low number of species that
occurred in more than 50% of sampling ponds, suggesting that the species in this work presented low
potential dispersive. For instance, the four species that were widely distributed were also the most
abundant locally (Dendropsophus minutus, Hypsiboas albopunctatus, Scinax fuscomarginatus,
Physalaemus cuvieri). They have great dispersal ability and are probably resistant to habitat
fragmentation [55].

Local anuran diversity in turn, is structured by a mixture of local factors related to
heterogeneity and productivity, which relates to both deterministic and stochastic processes, as
emphasized by some authors [56]. Our study added evidences that match to the assumption of both

niche theory, by the effect of habitat heterogeneity control [25],[26],[57],[58], and to the hypothesis of
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more individuals, a proxy to productivity [1],[6], as importantfactors acting upon anuran
metacommunities. We reinforce the idea that a good research aim is to pursuit for patterns that couple
with niche theory and neutral theory like species-area-energy theories in order to advances

metacommunity models [45],[46],[48].
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Tablel. Correlations between local environmental variables and the principal axes of PCA. CP1, first

principal component; CP2, second principal component; * correlations coefficients whose magnitude

are greater than 0.5.

Environmetal variables CP1 CP2
Depth 0.188 -0.742*
Vegetation in the interior of the pond 0.924* 0.093
Vegetation cover on the pond surface 0.689* -0.275
Vegetation in the edge 0.251 -0.529*
Profile of the pond edge 0.685* 0.501*
Eigenvalue 0.122 0.060
Proportion explained 42.35% 21.04%
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Table 2. Multiple regression between observed species richness and following predictor variable:
perimeter, isolation, number of individuals, local heterogeneity, landscape heterogeneity and

landscape complexity (R?agjustet=0.662; F(7.31)=9.059; p<0.001). We have: SE — standard error of Beta.

*p<0.05

Predictors B adjusted SE off3 t(33) P Tolerance
Perimeter 0.026 0.133 0.197 0.845 0.602
Isolation -0.019 0.129 -0.150 0.882 0.639
Number of individuals |54 0.858 0.118 7.253 0.000* 0.757
Local heterogeneity 1 -0.197 0.126 -1.569 0.127 0.671
Local heterogeneity 2 0.251 0.132 1.903 0.066 0.609
Landscape Heterogeneity -0.135 0.129 -1.044 0.304 0.638
Landscape Complexity -0.158 0.146 -1.077 0.290 0.495
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Table 3. Multiple regression between rarefied species richnessand following predictor variable:
perimeter, isolation, number of individuals, local heterogeneity, landscape heterogeneity and

landscape complexity (R?agjustet=0.662; F(7.31)=9.059; p<0.001). We have: SE — standard error of Beta.

*p<0.05

Predictors [3 adjusted SE of t(33) P Tolerance
Perimeter -0.138 0.176 -0.786 0.438 0.602
Isolation -0.064 0.171 -0.377 0.709 0.639
Number of individuals log 0.586 0.157 3.735 0.001 0.757
Local heterogeneity 1 -0.068 0.167 -0.410 0.685 0.671
Local heterogeneity 2 0.403 0.175 2.303 0.028 0.609
Landscape Heterogeneity 0.001 0.171 0.004 0.997 0.638
Landscape Complexity -0.069 0.194 -0.356  0.725 0.495
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Table 4. Results of multivariate regression between ponds isolation, abundance, local environmental

heterogeneity and landscape environmental heterogeneity and complexity on the anuran beta diversity

(raup-crick dissimilarity). * p<0.05

F R? P

Isolation

Isolation 0.237 0.006 0.907
Abundance

Abundance -0.032 -0.001 0.972
Local environmental heterogeneity

Local heterogeneity 1 1.891 0.045 0.102

Local heterogeneity 2 2.342 0.055 0.040*

Local heterogeneity 1 x 2 2.964 0.070 0.009*
Landscape

Landscape complexity 3.579 0.084 0.003*

Landscape heterogeneity 0.863 0.020 0.540

Landscape complexity x heterogeneity 3.119 0.073 0.005*
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Supporting Information
File S1.

Table S1, Anuran species recorded in the southwest region from the state of Goias, with their

respective occurrence frequency.

Family Species Frequency (%)

Aromobatidae

Eupemphix nattereri 10.00
Bufonidae
Rhinella mirandaribeiroi 7.50
Rhinella schneideri 22.50
Cycloramphidae
Odontophrynus salvatori 2.50
Odontophrynus sp. 2.50
Hylidae
Dendropsophus cruzi 45.00
Dendropsophus jimi 17.50
Dendropsophus minutus 52.50
Dendropsophus nanus 25.00
Dendropsophus rubicundulus 40.00
Dendropsophus soaresi 2.50
Hypsiboas albopunctatus 52.50
Hypsiboas lundii 10.00
Hypsiboas raniceps 15.00
Hypsiboas paranaiba 20.00
Phyllomedusa azurea 22.50
Pseudis bolbodactyla 15.00
Scinax constrictus 20.00
Scinax fuscomarginatus 75.00
Scinax gr. ruber 32.50
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Leiuperidae

Microhylidae

Scinax pusillus

Scinax similis

Physalaemus centralis
Physalaemus cuvieri
Physalaemus fuscomaculatus
Pseudopaludicola falcipes
Pseudopaludicola saltica
Leptodactylus hylaedactylus
Leptodactylus furnarius
Leptodactylus fuscus
Leptodactylus labyrinthicus
Leptodactylus latrans
Leptodactylus mystacinus
Leptodactylus podicipinus

Leptodactylus sp.

Elachistocleis sp.

7.50

5.00

20.00

57.50

2.50

32.50

15.00

52.50

10.00

15.00

20.00

22.50

7.50

27.50

32.50

27.50
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ABSTRACT

The debate over several small or single large (SLOSS) seems to be relevant to the
biodiversity conservation planning in general. It can be especially useful for conservation of
amphibians associated to ponds. Considering this, the aim of our study was find good ways
to conserve anuran diversity even increasing human pressures at a regional perspective.
Thus we intend to test if small ponds hosts higher anuran species than single large pond,
and if accumulating ponds with higher habitat heterogeneity retain more species than
accumulating most homogeneous ponds. To test these hypotheses, we compared sample-
based species accumulation curves both ranking ponds from large-to-small and from small-
to-large or low-to-high and high-to-low heterogeneity, each time calculating the cumulative
number of species. We found that an equal area partitioned in various small ponds retain a
larger part of anuran diversity than the same area in a single large ponds. Considering
habitat heterogeneity, we did not find a clear relationship in respect of which areas aggregate
greater number of species, if are several homogeneous ponds or single heterogeneous
ponds, rejecting our hypothesis about habitat heterogeneity. We can conclude that the
ultimate factor determining higher species richness is the relative important of between-pond
spatial relationships, and that preserve several small ponds, even in an agricultural

landscape, is a good alternative to management of amphibian’s diversity.

Keywords: SLOSS, cumulative curves, amphibian, ponds, regional diversity, conservation.
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1. Introduction

One of the most popular and controversial conservation debate is the “Single large or
several small”, denoted by its acronym SLOSS. This debate started in the mid-1970s when
Diamond (1975) proposed six rules of reserve design, including the idea that single large
land reserve would be better in order to maintain the regional species diversity than several
small lands reserves. If small habitat patches contain species that are a subset of species
present in a large habitat patch, then conserve single large habitat patch will be better than
conserve several small habitat patches (Simberloff and Abele, 1976). Otherwise, if the main
objective is to maximize the number of species currently occurring in a given landscape, and
maximize time to extinction, thus several smalls are preferable as conservational proposal
(Ovaskainen, 2002). Advances in the theoretical approaches in landscape ecology and in
metapopulation and metacommunity ecology have shown potential to contribute for this
debate by adding elemental components of neutral and niche theories like dispersal limitation
and habitat heterogeneity (Allouche et al., 2012; Economo, 2011; Mouquet and Loreau,

2003).

Although SLOSS has been highly criticized because of the oversimplification of
species diversity dynamics (Wu, 2008), the concept still seems to be relevant to the
biodiversity conservation planning in general. This is especially important when the purpose
is select sites that host the highest species richness in a fragmented landscape (Fattorini,
2010). Habitat loss, fragmentation and loss of connectivity are being attributed as major
causes to species decline in the world, and these factors are an important determinant of
regional species richness (Foley et al., 2005; Krauss et al., 2010). Thus, it is essential to
search how to combine species conservation and human economic activities. In this way,
some questions were very well established by Wu (2008), as: “how can biodiversity be
conserved with ever increasing human pressure on the natural environment?” or “How
should humans and their activities be viewed and treated in planning and managing natural

resources for conserving biodiversity?”.
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The debate over several small or single large could be useful for conservation of the
biodiversity associated to ponds. Ponds make an important contribution to the regional
biodiversity than any other aquatic habitat (Biggs et al., 2005; Davies et al., 2008a; Williams,
2003), even in intensely farmed landscapes (Sayer et al., 2012). In some landscapes
dominated by agriculture, some ponds are disappearing, generating an increase concern
regarding the ponds conservation (Oertli et al., 2005; Ruggiero et al., 2008). However, in the
Brazilian Cerrado we have an opposite situation considering the number of ponds, which are
increasing due to the stream damming for economic purposes (De Marco et al., 2014).
Ponds can provide water supply (as agricultural irrigation), hydrological regulation, and fish
production to local society (Oertli et al., 2005). Like other parts of the world, the Cerrado
ponds hold a high biodiversity at regional scale, with higher contribution of beta diversity
component (De Marco et al., 2014; unpublished Signorelli et al., 2014). Nevertheless, the
few studies that have accounted for the processes driving Cerrado ponds biodiversity until
now suggested a smaller importance of area and larger effect of habitat heterogeneity — at
least for amphibians and water beetles on a local perspective (De Marco et al., 2014;
unpublished Signorelli et al., 2014). On a regional perspective, the importance of area or
heterogeneity has never been investigated despite the relevance of that for Cerrado ponds

biodiversity conservation and landscape management.

Small to large and large to small cumulative curves may be considered a good
approach to assess which is better for biodiversity associated to ponds inserted in farmed
landscapes: several small or single large (Fattorini, 2010; Quinn and Harrison, 1988). In this
approach, the species area curve is ranked in the order to ascend or descend cumulatively
according to area (Quinn and Harrison, 1988) or any other relevant environmental predictor
(Kolasa et al., 2012). The curve positioned above of another curve accumulates more
species in a smaller amount of area, and may be considered a clue to select which areas
should be prioritized for species conservation (Fattorini, 2010; Quinn and Harrison, 1988).
For instance, a set of small size ponds has more species of aquatic species, such as aquatic
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plants, amphibian and some macroinvertebrates, than single large ponds of same size (see

Martinez-Sanz et al., 2012a; Oertli et al., 2002).

Especially for amphibians that use lentic water bodies to complete their life cycles,
several small ponds is probably the best choice, since this is negatively associated with
richness of predatory fish (Hamer and Parris, 2013, 2011; Hecnar and M’'Closkey, 1997). In
addition, some species prefer ponds colonized by emergent vegetation, with some vertical
structure and with flat edge profiles, which provides food, and shelter (Hartel et al., 2009;
Scherer et al., 2012). The SLOSS strategy used here combine information of area, perimeter
and habitat heterogeneity to predict the best choice to conserve amphibians’ regional
biodiversity in agricultural landscapes of Brazilian Cerrado. These characteristics make
amphibians good models to apply the SLOSS strategy proposed here, which could be
extended to any other organisms that have similar affinities in relation to habitat selection,
making amphibians a candidate to ponds biodiversity surrogate. The aim of our study was
suggest alternatives to conserve anuran diversity even increasing human pressures at a
regional perspective. Thus, first of all we intend to test the hypothesis that several small
ponds host higher anuran species than single large pond. Subsequently, we intend to test
the hypothesis regarding habitat heterogeneity, if accumulating ponds with higher habitat
heterogeneity retain more species than accumulating most homogeneous ponds, assuming
that heterogeneous habitats can support more species than homogenous habitats, as

proposed by niche theory.

2. Materials and methods

2.1. Study area and study site selection

The surveys occurred on the core of Cerrado biome, more specifically on the state of
Goiés, Brazil. We sampled a total of 127 ponds, which were inserted in landscapes with

different degrees of fragmentation (Fig. 1).
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2.2. Surveys

We surveyed ponds for adult frogs during the rainy season (October-March), from
2010 to 2013. To assess the presence of individual species, observers spent 1 h at each
pond between the hours of 1900 and 2400. Adult frogs were surveyed, via a combination of
both acoustic and visual means (Rddel and Ernst, 2004) while walking slowly around the
pond and systematically searching or listening for calling males (Heyer et al., 1994). A few
adults were collected to confirm identification. All specimens collected were euthanized
before preservation through an overdose of the anesthetic 2% lidocaine through parenteral
injection. The use of injectable euthanasia agents is one of the most rapid and reliable
methods of performing euthanasia, minimizing pain and distress to the animal. Those
methods are acceptable by international (AVMA - Leary et al., 2013) and Brazilian
government institution (National Council on the Control of Animal Experiments - CONCEA,
2013). The animals euthanized were then fixed in formalin 10% and preserved in alcohol
70% (Heyer et al., 1994).They are actually deposited in the Zoological Collection (Colecéo

Zoologica) of the Universidade Federal de Goias (ZUFG).

2.3. Habitat classification

We selected some characteristics expected to be important for habitat selection by
anuran species, being related to their life history and to represent the environment in the
Cerrado ponds. Then, we developed a quantitative heterogeneity index derived from a set of
gualitative and semi-quantitative habitat measures of ponds characteristics, which were
proportional to the pond area. The index includes seven variables that are expected to
influence site suitability for anurans: (1) profile of the pond edge, (2) substrate of the water
body, (3) vegetation on the pond surface, (4) vegetation in the edge of the pond, (5) water
color, (6) type of land use within 500 m of the pond, and (7) position of the pond considering

the remnants of vegetation (Supplementary Table 1).
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We weighted each of these variables by theperceived importance of each to anurans, based
on our experience and understanding of the natural history of these species.(Supplementary Table

A.1).

In order to allow for the weighted importance of the measured characteristics around
the pond, we multiple each observed value by the score of the variable which represented
our perception of the importance of that predictor to anurans. For each class of semi-
guantitative (ordinal) environmental characteristics discussed above, the scores ranged from
1 to maximal number of questions in that class. We give more weight for items that we think
were more important to local anuran diversity. The score were extremely based on our
previous knowledge about natural history of the Cerrado anurans. Doing so, as we have
guantified in the field the proportion of that class of habitat characteristics around the ponds,

we obtained a weighted measure of each variable proportional to the pond area.

Then, we summed the alternatives within each weighted class of habitat
characteristics. Finally, we divided each value of these predictors by the maximum value of
that category in order to obtain a standardize measure between 0 and 1, and then summed
over all seven classes of variables to derive the heterogeneity proportionally weighted (area)

index (Eqg. 1).

> (3 (gi*score)/max (qi)) Eqg. 1

The index presented here enable one to measure more appropriately the importance
of environmental characteristics and jointly the importance of the amount of such
characteristics in a local site. In addition, it could be weighted by the own area of the pond
providing a better approximation of the anuran perception of the pond habitats. The
advantage of the present index is their plasticity in relation to the incorporation of other
gualitative, semi-quantitative, and quantitative measures of local and landscape

environmental features. In addition, one can test for the effects of the class of the variables

94



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

that compose the index separately by using each one of the specific class of environmental

predictors.

2.4. Species accumulation curves

To evaluate if larger ponds had higher species richness than smaller ponds we
compared sample-based species accumulation (see Gotelli and Colwell, 2001) both ranking
ponds from large to small and from small to large, each time calculating the cumulative
number of species (Quinn and Harrison, 1988). The same procedure were done considering
perimeter instead area as a better surrogate for available habitat for amphibians as
suggested in other studies (unpublished Signorelli et al. 2014). To evaluate the effect of
habitat heterogeneity on the rate of species accumulation, we ranked habitat heterogeneity
from the most heterogeneity to most homogeneous ponds and from the most homogeneous
to most heterogeneous ponds, in order to provide strict linkage with the approach used with
area and perimeter for the regional landscape. In this case, one would expect that
accumulating areas with higher habitat heterogeneity would enable a higher number of
species more quickly than accumulating homogeneous ones, giving steeper z-values for
regional SACs (as proposed by Kolasa et al., 2012). Nevertheless, new theoretical insights
that non-linear effect of the covariance between heterogeneity and area locally generate
unimodal patterns of species richness (Allouche et al., 2012) could be detrimental
explanation for the lower initial species richness accumulated by adding highly
heterogeneous habitat first (Kolasa et al., 2012), because of limits for the population size
imposed by restrictions of area increasing heterogeneity (Allouche and Kadmon, 2009;
Allouche et al., 2012; Kadmon and Allouche, 2007). To each of species accumulation curve,
we fitted the power function S=cA?, where S is the richness, A is the area (or perimeter and
habitat heterogeneity in our case), c is a constant, and z is the logarithmic rate at which
number of species increases with sampled area (see Arrhenius, 1921; Connor and McCoy,

2001; Kolasa et al., 2012). More specifically, z gives the slope of the increasing number of
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species with increasing of sampled area, perimeter or habitat heterogeneity (see Arrhenius,

1921; Kolasa et al., 2012). Theregression analysis was done according to the same settings

used by Dengler (2009) with the non-linear model estimation of statistica 7.1 (StatSoft, Inc.,

2005): least squares regression model; method of estimation: quasi-Newton; criterion

ofconvergence: 0.0001 (Dengler, 2009).

3. Results

For the 127 ponds investigated, we recorded a total of 57 amphibians’ species

belonging to 16 genera and five families (see Appendix S1). Ponds surveyed have an

accumulation perimeter of 34.789 km and area of 37.934 ha. Perimeter had an average size

of 273.93 (¥227.53 SD) m and ranged from 9.22 to 1401.30 m (Fig.2a). Area ranged had an

average size of 2986.96 (+4058.10 SD) m”and ranged from 5.50 to 25182.69 m? (Fig.2b).

Considering habitat heterogeneity, ponds were characterized to have predominantly an

intermediary heterogeneity index, in which an average of 0.491 (+ 0.097 SD) and rang from

0.312 to 0.822 (Fig. 2c).
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Fig. 2. Frequency distribution for ponds (N=127) according to (a) perimeter (D= 0.147, P<
0.010, by Kolmogorov-Smirnoff test), (b) area (D= 0.232, P< 0.010, by Kolmogorov-Smirnoff

test), and (c) habitat heterogeneity (D=0.100, p < 0.200, by Kolmogorov-Smirnoff test).

A consistent pattern of species accumulation curve was found considering perimeter
and area of sampled ponds: conserve several smaller areas/perimeter protect the larger
amount of the total species richness in this landscape. This means that cumulative large-to-
small curves lie consistently below to the small-to-large curves (see Fig.3a-b). The largest
pond has an area and perimeter of about 2.518 ha and 0.582 km respectively and includes
14 species. With a similar area (~2.500 ha) by accumulating several small ponds we can
achieve 39 species, and there are necessity of only three small ponds with a total area of
about 0.002 ha to achieve ~15 species as the largest pond. Several small accumulation area
of 12.889 ha may either support 56 species, (more specifically, 99 ponds), about 98.24% of
all anuran species registered while when the same area is composed by eight large ponds
only 28 species are reached, about 49.12% of all anuran species registered. In similar way,
accumulation area of 9.702 ha may either support 52 species, about 91.23% of all anuran
species registered, when this area is composed by 75 small ponds or 30 species, about

52.63% of all anuran species registered, when this area is composed by 12 large ponds.

Cumulative species number considering ponds ranked from both high to low and low
to high habitat heterogeneity are quite similar (Fig. 3c). However, when we ranked habitat
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heterogeneity from low to high, the number of species is higher than when we ranked ponds
from high to low, up intermediary levels of heterogeneity. But after this threshold (habitat
heterogeneity accumulated of 20) the total number of species become higher in the curves

high to low, and later it becomes similar.

Regional accumulative species curves showed good non-linear fit to our predictors
perimeter, area and habitat heterogeneity. In the relationship between accumulated pond
perimeter or area and accumulated species richness, small-to-large always presented higher
total variance explained than large-to-small. The fitted z-values for pond perimeter and area
considering the curve small-to-large were 0.139 and 0.103, respectively (Table 1). The fitted
z-values for pond perimeter and area considering the curve large-to-small were 0.499 and
0.705, respectively (Table 1). Cumulative species curves based on habitat heterogeneity had

higher fitted z-values for curves high-to-low than curves low-to-high (Table 1).
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Table 1

Fitted species accumulation curves from the smallest to the largest and from the largest to

the smallest, considering area and perimeter, and from the lowest to highest and from the

highest to lower habitat heterogeneity of ponds surveyed on the state of Goias, Brazil.

Predictor Ordination R? Parameter Estimated SE t P level
Area
Large to small  0.974 intercept 0.006 0.001 4.062 <0.001
z-value 0.705 0.019 36.425 <0.001
Small to large 0.969 intercept 16.099 0.485 33.172 <0.001
z-value 0.103 0.003 37.175 <0.001
Perimeter
Large to small  0.993 intercept 0.306 0.022 14.151 <0.001
z-value 0.499 0.007 72.161 <0.001
Small to large  0.962 intercept 13.880 0.531 26.156 <0.001
z-value 0.139 0.004 33.028 <0.001
Heterogeneity
High to low 0.973 intercept 15.513 0.497 31.187 <0.001
z-value 0.327 0.009 37.381 <0.001
Low to high 0.977 intercept 20.106 0.416 48.341 <0.001
z-value 0.255 0.006 42.485 <0.001
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4. Discussion

We found that an equal area partitioned in various small ponds retain a larger part of
anuran diversity than the same area in a single large ponds. However, when we considered
habitat heterogeneity, we did not find a clear relationship in respect of which areas aggregate
greater number of species, if are several homogeneous ponds or single heterogeneous
ponds, rejecting our hypothesis about habitat heterogeneity. Our results also support the
claim that, when the intention is to conserve higher species richness, pond area/perimeter
should be evaluated prior to habitat heterogeneity. This is an important finding, since habitat
heterogeneity is a variable more difficult to access than pond size, from which we could
access free through satellite images (as example, Google Earth). Otherwise, these results
may highlight that the ultimate factor determining these results are the relative importance of
between-pond spatial relationships (generating higher compositional dissimilarity among

small ponds).

We have found evidences that several small ponds contain more anuran species than
a comparable area (and perimeter) of few large ponds, as also observed by Oertli and
collaborators (2002). Besides amphibians, this relationship seems to be true to other group of
aquatic organisms associated with ponds, such as aquatic plants, Gastropoda, Coleoptera,
Odonata and other macroinvertebrates (Martinez-Sanz et al., 2012a; Oertli et al., 2002). This
result does not necessary imply that area itself is the best predictor to species richness on
local or regional scale, but accumulating several small ponds is the better choice to conserve
amphibians regional diversity. Small ponds can have a similar species richness than large
water bodies, but unique species composition, even within small spatial scales (Hamerlik et
al., 2013; Kiflawi et al., 2003; Scheffer et al., 2006), which may be more important to regional

diversity.

The fact that many small ponds accumulate higher species richness than a single

large pond implies that species composition of small ponds is more diverse among them,
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than large ponds.There is a set of mechanisms that could be attributed to this high beta
diversity on small ponds, such as spatial isolation, stochastic events, and environmental
characteristics (Hamerlik et al., 2013; Scheffer et al., 2006). Spatial isolation of ponds, for
example, can provide distinct communities due low connectivity, which is a barrier to
movement dispersions (Hamerlik et al., 2013; Scheffer et al., 2006). Thus, the greater
community heterogeneity may be a result of stochastic events acting on the colonization
process (Oertli et al., 2002; Scheffer et al., 2006; Williams, 2003). Small ponds can vary
extensively in physical characteristics over a small spatial scale (Kiflawi et al., 2003), and
they may reflect specific micro-sites conditions provided by environmental characteristics
(Hamerlik et al., 2013; Scheffer et al., 2006). For example, small ponds were also more
variable in terms of substrate heterogeneity than larger water bodies (Hamerlik et al., 2013),
which is highly associated with diversity of some organism, as macroinvertebrates or aquatic
plants (Suurkuukka et al., 2012). Moreover, smaller ponds have more variability consider
physicochemical conditions than large ponds, and they are more subject to multiple
influences on a variety of scales (Davies et al., 2008a). Due their small catchment areas,
ponds in close proximity are enable to have quite different catchment characteristics (Davies
et al., 2008a; Davies et al., 2008b; Williams, 2003). All this factors make ponds substantially
more productivity and biologically active than larger ponds or lakes (Downing, 2010), being

an important contribution to regional diversity.

Habitat heterogeneity is known to be one of the major drivers of species diversity
(Martinez-Sanz et al., 2012b; Suurkuukka et al., 2012), and because of this we should
expected that increasing the number of ponds we are increasing the habitat heterogeneity,
and consequently we are increasing the species richness, as proposed by niche theory
(Martinez-Sanz et al., 2012b). However, we have found that habitat heterogeneity is not the
best predictor to be considered when our proposal is to accumulate the higher number of
species. But we cannot discard their importance to amphibian’s diversity. It is known that
habitat heterogeneity is an important factor driving species composition and diversity at local
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scale (e.g. (R. A. Silva et al., 2011; Vasconcelos et al., 2009), being important for both local

and regional diversity (unpublished Signorelli et al 2014).

Most ponds we have studied here were originally created and maintained as drinking
ponds for cattle or as source of water to crop irrigation. Ponds created to agricultural
purposes are common on Brazilian Cerrado, and this number tends to increase according to
economic activities and their respective dependencies on water resources (De Marco et al.,
2014). Some authors have suggested the construction of ponds, properly managed, to
sustain amphibians’ population in agricultural landscapes (e.g. Peltzer et al., 2006; Ruggiero
et al., 2008; F. R. Silva et al., 2011). Even created to economical purposes, they make a
positive contribution to the maintenance of aquatic habitat (Ruggiero et al., 2008). These
ponds can be used as stepping-stones to reduce inter breed sites distances, being highly
important for successful and maintenance of amphibian populations (Semlitsch, 2002).
Moreover, small ponds inserted in an agricultural landscape represent islands of aquatic
biodiversity, in which provide habitat for aquatic and semi-aquatic group of organisms
surrounded by otherwise species-poor environment (Declerck et al., 2006; Ruggiero et al.,

2008; Sayer et al., 2012).

Small ponds are considered to be of high conservation value (Oertli et al., 2002), and
they contribute significantly to regional biodiversity, since they can support heterogeneous
communities of aquatic organisms (De Marco et al., 2014; Oertli et al., 2002). This implies
that they should have higher priority in conservation concern and landscape management
(Hamer and McDonnell, 2008), and the most parsimonious way is reducing conflicts between
biodiversity conservation and human development. However, the management and
conservation efforts have been focused especially upon large water bodies and ponds have
been overlooked. Indeed, the Brazilian Cerrado ponds are neglected habitats despite their
importance for biodiversity and maintenance of economic activities (De Marco et al. 2014).
Some actions can be easily adopted for maintenance of pond integrity, as example the

restriction of access for cattle to a limited section of ponds, which may reduce the impact of
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trampling and may provide major diversity (Declerck et al., 2006). Thus, we suggested that
small, isolated and properly management ponds as a strategic tool enabling biodiversity

conservation of Brazilian Cerrado.
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Supplementary Online Materials for: “ANURAN CONSERVATION IN BRAZILIAN CERRADO:
SINGLE LARGE OR SEVERAL SMALL PONDS, WHICH IS BETTER?”

2. Material and methods

Table A.1.

Characteristic of ponds Condition Score

Position Open area 1
External edge of the forest 2
Internal edge of the forest 3
Inside the forest 4

Edge Ravine
Flat
Slope
Excavated

P RAWN

Substratum Rock
Stone
Gravel
Sand
Clay
Lama
Leaf

oo wWNE

Vegetation types inside the pond No vegetation
Submerged
Floating
Herbaceous
Shrubby
Sparse Trees
Cattail

WNOOITO NP

Vegetation types in the margin No vegetation
Erect herbaceous
Creeping herbaceous
Shrubby
Sparse tree
Cattail

WNhNOO O

Land use Short-term crop rotation
Long-term crop rotation
Capoeira
Forest
Pasture

WA DNPRE

Watercolor White
Black
Clear

NN -
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3. Results

Table B.1. Species composition of amphibians registered in the present study and the

occurrence number of study sites where they were observed.

Species Dist Occurrence
Bufonidae
Rhinella mirandaribeiroi (Gallardo, 1965) E 1
Rhinella rubescens E 1
Rhinella schneideri w 22
Hylidae

Bokermannohyla sapiranga Brandao, Magalhaes, Garda, Campos,

Sebben, and Maciel, 2012 E 1
Dendropsophus cruzi (Pombal and Bastos, 1998) E 36
Dendropsophus jimi (Napoli and Caramaschi, 1999) E 42
Dendropsophus minutus (Peters, 1872) w 70
Dendropsophus nanus (Boulenger, 1889) w 39
Dendropsophus rubicundulus (Reinhardt and Luitken, 1862) E 41
Dendropsophus soaresi (Caramaschi and Jim, 1983) CA 3
Dendropsophus sp. w 2
Hypsiboas albopunctatus (Spix, 1824) w 70
Hypsiboas crepitans (Wied-Neuwied, 1824) w 2
Hypsiboas goianus (Lutz, 1968) E 3
Hypsiboas lundii (Burmeister, 1856) E 31
Hypsiboas paranaiba Carvalho and Giaretta, 2010 E 10
Hypsiboas phaeopleura (Caramaschi and Cruz, 2000) E 1
Hypsiboas punctatus (Schneider, 1799) w 1
Hypsiboas raniceps (Cope, 1862) w 28
Hypsiboas sp. E 7
Lysapsus caraya Gallardo, 1964 E 5
Phyllomedusa azurea Cope, 1862 E 33
Phyllomedusa oreades Brandé&o, 2002 E 3
Pseudis bolbodactyla Lutz, 1925 AT 25
Scinax centralis Pombal and Bastos, 1996 E 2
Scinax constrictus Lima, Bastos, and Giaretta, 2005 E 9
Scinax fuscomarginatus (Lutz, 1925) w 65
Scinax fuscovarius (Lutz, 1925) w 41
Scinax pusillus Pombal, Bilate, Gambale, Signorelli, and Bastos,

2011 E 18
Scinax rogerioi Pugliese, Baéta, and Pombal, 2009 E 2
Scinax similis (Cochran, 1952) AT 7
Scinax squalirostris (Lutz, 1925) S 1
Trachycephalus typhonius (Linnaeus, 1758) W 2
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Leptodactylidae

Adenomera saci (Bokermann, 1956)

Leptodactylus furnarius Sazima and Bokermann, 1978
Leptodactylus fuscus (Schneider, 1799)

Leptodactylus latrans (Steffen, 1815)

Leptodactylus labyrinthicus (Spix, 1824)
Leptodactylus leptodactyloides (Andersson, 1945)
Leptodactylus mystaceus (Spix, 1824)

Leptodactylus mystacinus (Burmeister, 1861)
Leptodactylus podicipinus (Cope, 1862)

Leptodactylus pustulatus (Peters, 1870)

Leptodactylus sertanejo Giaretta and Costa, 2007
Physalaemus centralis Bokermann, 1962
Physalaemus cuvieri Fitzinger, 1826

Physalaemus sp.

Physalaemus marmoratus (Reinhardt and Litken, 1862)
Physalaemus nattereri (Steindachner, 1863)
Pseudopaludicola saltica (Cope, 1887)
Pseudopaludicola sp.

Microhylidae

Chiasmocleis albopunctata (Boettger, 1885)
Dermatonotus muelleri (Boettger, 1885)
Elachistocleis cesarii (Miranda-Ribeiro, 1920)

Odontophrynidae

Odontophrynus sp.
Odontophrynus cultripes Reinhardt and Litken, 1862
Odontophrynus salvatori Caramaschi, 1996
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ABSTRACT

Although local-site variables are expected to be important in determining species
occurrence, this may still be mediated by the broader landscape and management context
in which the site occurs. As amphibians are good indicators of environmental disturbance,
we sought to uncoverthe relationship between landscape structure and local
environmental characteristic over occurrence of several frog species along a disturbance
gradient in the Brazilian Cerrado. We adopted a multi-model information theoretic
approach in which we related each species’ probability of landscape occupancy to several
measures indicative of broader-scale disturbance (i.e., the proportion of native habitat
remaining on the landscape and the mean isolation among habitat remnants), after first
correcting for species detection bias. In general, we found that the occupancy of the
various frogs studied here was sensitive to both the proportion of Cerrado habitat
remaining on the landscape,as well as the isolation among these remnants, and this

response will depend of species.

Keywords: Anuran, Occupancy models; detection bias, landscape, local environmental.
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INTRODUCTION

Site occupancy is dependent on a number of factors that operate across a range
of scales (Blevins et al. 2011). Although local site variables are expected to be important
in determining the likelihood of site occupancy, this may still be mediated by the broader
landscape context in which the site occurs. For example, agriculture and range-
management practices are typically implemented at broad landscape or regional scales,
and can thus alter the suitability of whatever native habitat remains within its borders
(Carvalho et al. 2009). This may be caused by a reduction in species’ preferred habitat
availability, owing to a decrease in the amount and/or increasing isolation of habitat
remnants, and through more subtle changes that alter ecological flows or functional
linkages among habitat remnants (Cushman 2006; Becker et al. 2007). Land-use
changes may alter the permeability or resistance of the matrix to movement, thereby
exacerbating isolation-by-distance effects on dispersal, colonization success and gene
flow among habitat remnants (Chetkiewicz et al. 2006; Gilbert-Norton et al. 2010; Beier
et al. 2011). Land-use change may also introduce new or different stressors that
decrease habitat suitability (e.g., increased competition or predation, food availability),
which can then lead to lower abundance or population densities, higher mortality rates,
and lower reproductive success within habitat remnants (Becker et al. 2010; Baudron
and Giller 2014). Subsequently, site avoidance and local extinctions may reduce the
occurrence of the species across the landscape (Nilsson et al. 2008; Becker et al. 2010).
Thus, simply mapping the availability of suitable habitat is unlikely to be sufficient for
evaluating a species’ probable occurrence or distribution across the landscape, unless
due consideration is given to the broader landscape context in which that habitat occurs
(Scherer et al 2012).

Landscape context is well known to influence aquatic habitats (Naiman et al.
1993). Agricultural land use may alter allochthonous inputs and nutrient loads into these

systems; some nutrient inputs may be increased as a consequence of run-off (e.g.,
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nitrogen and phosphorus from fertilizers), while others may be substantially reduced
(e.g., dead organic matter from leaf litter or terrestrial insects that subsidize aquatic food
webs), whereas new threats (e.g., chemical pollutants from herbicides and pesticides or
the introduction of predatory species, such as fish) may render entire systems unsuitable
and uninhabitable for a given species (Knapp et al. 2003; Foley et al. 2005; Baudron and
Giller 2014). Even if the apparent availability of habitat is unaltered by land use
(thewetlands are still present), the suitability of these habitats may have been
compromised. Furthermore, some wetland species, such as amphibians, have different
habitat requirements during different stages of their life cycle (tadpoles vs. adults) or at
different times of the year (breeding vs. non-breeding season), which necessitates that
wetlands are also functionally connected to other upland habitats (Pope et al. 2000).
Thus, agricultural land use poses a double jeopardy for amphibians, by impacting the
suitability of both their wetland and terrestrial habitats, as well as the possibility that the
altered land-use matrix may disrupt the functional connectivity (dispersal and gene flow)
among these habitats (Becker et al. 2007; Becker et al. 2010).

In this study, we considered the relationship between landscape context and site
occupancy for several anuran species (Anura: Hylidae) in the Brazilian Cerrado. The
Cerrado is a vast tropical savanna that covers about a quarter of the land area in Brazil
(~2 million km?), making it the country’s second largest ecoregion after the Amazon
rainforest (Ratter et al. 1997). The Cerrado is characterized by a variety of vegetation
types, ranging from open grasslands to dense woodlands. Among the major habitat
types within the Cerrado are campo limpo (“clean field”), campo sujo (“dirty field”),
campo cerrado (“closed field”), cerrado senso stricto (woody savanna), cerradéo (forest-
like savanna). Gallery forests line the streams and rivers, and a variety of wetland
habitats (temporary and permanent ponds, puddles, and swampy areas) occur
throughout the Cerrado (Brasileiro et al. 2005). As a consequence of this habitat

diversity, the Cerrado supports a high level of biological diversity, including a rich

119



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

herpetofauna that includes 209 species of frogs (Valdujo et al. 2012). Differently of
grasslands and savannahs all over the world, the Cerrado is being used for agricultural
production, including cattle ranching, which has intensified in recent decades owing to
government incentives (Ratter et al. 1997; Carvalho et al. 2009; Sano et al. 2010).
Currently, only about 20% of the Cerrado remains undisturbed by agricultural land use,
and only about 1.2% of it is protected (Mittermeier et al. 2000), despite being recognized

as a global biodiversity hotspot (Myers et al. 2000).

We employ occupancy models within a multimodel information-theoretic
framework to assess the relative effects of habitat amount, isolation between habitat
remnants, and local environmental characteristics on the occurrence of several target
frog species in the Brazilian Cerrado. Our habitat-amount hypothesis predicts that a
species’ probability of occurrence within a given landscape should increase with the total
amount of native habitat in the landscape. Because we expect an inverse relationship
between the amount of native habitat and agricultural land use, this enables us to assess
landscape effects on species occurrences across a disturbance gradient. Habitat
amount is not the only driver of species occurrence, however (Fahrig 2013). Habitat-
isolation effects are also important, especially since many amphibians are critically
dependent on terrestrial habitats in close proximity to their aquatic breeding sites.
Amphibians may spend a majority of their adult lives in upland habitats or utilize these
during dispersal (Cushman 2006). Thus, the increased isolation of native habitat
remnants is expected to disrupt connectivity among frog populations and their critical
habitats, and should therefore jeopardize the occurrence of species within the broader
landscape. Finally, we cannot discount the role that local environmental factors play on
the occurrence of anurans surveyed within their breeding habitat (Werner et al. 2007),
especially given the physiological, ecological and behavioral constraints that restrict
dispersal ability in this group (Lemckert 2004; Mazerolle and Desrochers 2005; Titon et
al. 2010). Thus, local characteristics of the breeding habitat (such as amount of emergent
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vegetation or vegetation in the edge of the pond, profile of the pond edge) may well be a
more important determinant of species occurrence than landscapes variables. Then
again, species occurrence is likely to involve some combination of local and landscape

effects, which we also consider within our modeling framework.
Methods

Selection of Study Landscapes and Wetlands

Our objective was to identify landscapes that represented a gradient in habitat
disturbance, which is expected to reflect the degree of agricultural land use in the
Cerrado. We therefore divided the central Brazilian state of Goias into a grid of 478 cells
of 0.25 latitude by 0.25 longitude (~ 25 km x 25 km). This grid was superimposed on a
raster file containing land-cover information obtained from 2001 and 2002 Landsat ETM+
satellite images. For each grid cell (i.e., landscape = ~625 km?), we calculated the
overall percentage of native habitats (PLAND; including grassland, shrublands, forests,
and secondary growth) and the mean Euclidean nearest-neighbor distance between
native habitat remnants (ENN_MN) using Fragstats 3.3 (McGarigal and Marks, 1995).
Together, these two metrics provide a measure of native habitat loss: landscapes that
have been heavily disturbed and converted to agricultural land use are expected to have
little native habitat remaining, with a high degree of isolation among native habitat

remnants (i.e., low PLAND and a high ENN_MN).

We performed a simple regression analysis between PLAND and ENN_MN for all
of our defined landscapes that were located entirely within the state of Goias. From this
relationship, we created a gradient of landscape disturbance (among 478 landscapes
that varied in PLAND and ENN_MN; Figure 1A). We then pre-selected 24 landscapes
(Figure 1B) that encompassed the entire disturbance gradient by selecting sites that lay
along the regression line. In our final selection of study landscapes, we additionally

considered the following criteria: 1) landscapes must contain agricultural land covers
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(cropland and/or pasture); and, 2) landscapes must contain >5% native habitat. Of the
24 pre-selected landscapes, 18 landscapes met all of our criteria and were therefore

ultimately surveyed for this study (Figure 2).

We used aerial photographs and field reconnaissance to identify which wetlands
(ponds) would be sampled within a given landscape. We selected ponds non-randomly to
ensure that a mix of sites were surveyed within either a predominantly agricultural
(disturbed) or native habitat context in each landscape. To ensure independence among
sites, we selected ponds that were at least 1 km apart, as this distance exceeds the
maximum annual dispersal for most species of frogs (Alex Smith and M. Green 2005).
Thus, we ultimately surveyed four to nine ponds in each landscape (7.5 = 1.26

ponds/landscape), for a total of 127 ponds across all 18 landscapes.

Anuran Survey Methods

Between 2010 and 2013, we surveyed ponds for adult frogs across all 18 landscapes
during the rainy season (October-March). Each pond was visited once during the study,
given the long distances and travel times between landscapes. Up to four trained
observers conducted frog surveys in a given year, with one observer (L. Signorelli)
participating in surveys during all three years. Each observer was responsible for
surveying all the ponds in a given landscape. To assess the presence of individual
species, observers spent 1 h at each pond between the hours of 1900 and 2400. Adult
frogs were surveyed via a combination of acoustic and visual means (Rédel and Ernst
2004) while walking slowly around the pond and systematically searching or listening for
calling males (Heyer et al. 1994). Although these methods are generally sufficient for
detecting frog species (Pellet and Schmidt 2005), we additionally explore factors that
could influence species detection bias as part of our occupancy modeling (see Analysis
of Species Detection Bias and Landscape-Occupancy Modeling). A few adults were

collected to confirm identification. All specimens collected were euthanized by injecting
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an overdose of 2% lidocaine parenterally. The use of lethal injectable agents is one of
the most rapid and reliable methods for performing euthanasia, minimizing pain and
distress to the animal, and has been accepted by the American Veterinary Medicine
Association (Leary et al. 2013) and by the Brazilian National Council on the Control of
Animal Experiments (CONCEA 2013). The specimens were then fixed in 10% formalin
and preserved in 70% alcohol (Heyer et al. 1994), and have been deposited in the
Zoological Collection (Cole¢éo Zooldgica) of the Universidade Federal de Goias (ZUFG).

Local-Site Variable:

Environmental Integrity Index

We characterized the local environment of ponds using a composite measure,
which we refer to as the Environmental Integrity (EI) Index. These index was created as
proposed by Signorelli et al (2014), and it includes seven variables that are expected to
influence site suitability for anurans: (1) profile of the pond edge, (2) substrate of the
water body, (3) vegetation on the pond surface, (4) vegetation in the edge of the pond,
(5) water color, (6) type of land use within 500 m of the pond, and (7) position of the pond
considering to the nearest remnants of vegetation. This index thus subsumes a great
deal of qualitative, semi-quantitative, and quantitative information about local
environmental features into a single, easily interpretable measure. One can also test for
the relative importance of each variable on the index separately for a given species,

however.

Analysis of Species Detection Bias and Landscape-Occupancy Modeling

Our survey methods were designed to maximize detections of any anurans that
might be present in these landscapes: 1) surveys were conducted during the rainy
season, a time of maximum activity and reproduction for most anurans in this system; 2)
we restricted our surveys to the time of day when adult males could be expected to be

calling most actively; 3) surveys were performed only during favorable , weather
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conditions (i.e., no rain or wind); 4) we spent a large amount of time (1 h) at each pond in
an effort to exhaustively survey the site; and, 5) observers were rigorously trained in

identification and survey methods.

Nevertheless, a number of factors could still influence the likelihood of detecting a
species, such as the innate ability of observers to detect different frog species. We
therefore analyzed detection bias for each species using a multimodel information-
theoretic approach, by including information on the individual observer, amount of rainfall
that occurred on the day of the survey (taken from the meteorological station nearest the
surveyed landscape), the air temperature and humidity at the time of the survey, on the
likelihood of detecting the focal species (Table 1). A set of candidate models was
constructed to investigate the effects of each covariate individually and in combination
(two-, three-, and four-variable additive models) on detection probabilities, resulting in a
total of 16 different detection models for each species (a constant detection model, four
single-variable models, six two-variable models, four three-variable models, and a global
model with all variables). Posteriorly, a set of candidate models was constructed to
evaluate the relative effects of habitat amount, isolation between remnants, and local site
characteristics (El index) on landscape occupancy, resulting in a total of 21 candidate
models for each species (see Table 2). To reduce collinearity, we analyzed the
correlations among all variables used in occupancy models. Only the coefficient of
variation for the pond perimeter was significantly correlated with both the mean integrity
index and the mean isolation between native habitat remnants (Table 3); we therefore
dropped this covariate from our candidate model set. These set of occupancy models

were then paired to the best model for detection probability.

Although ponds were surveyed only a single time, we can still analyze detection
bias and occupancy by treating each landscape as a sampling block and individual
ponds as the replicated surveys within each landscape (Kendall and White 2009). Thus,

a detection history for a given landscape is made up of the four to nine pond-surveys in
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which the species was either detected or not, giving a record of presence-absence
across space rather than time (Kendall and White 2009). In other words, we are making
a space-for-time substitution in this analysis, and are therefore assessing detection bias,
and ultimately occupancy, at the scale of the entire landscape, rather than at the scale of
individual ponds. This is appropriate given that species detections are assumed to be
independent across sites, but is also consistent with our main objective of uncovering the
factors that determine the distribution of species at the landscape scale, and not just

within individual ponds.

Nevertheless, we acknowledge that there is still a potential for bias in our
occupancy estimator because we were unable to sample every pond in a given
landscape (exhaustive sampling), nor did we sample sites completely at random
(sampling with replacement, such that each site has a possibility of being selected again
at random and therefore visited again) as advocated by Kendall and White (2009) for
single surveys. Our survey thus qualifies as ‘sampling without replacement’ (because
locations were selected and visited only once), which would require information on the
availability of habitat for each species in order to mitigate bias. Unfortunately, habitat
availability is not so easily assessed, given the diverse range of wetland habitats in which
these species occurred. We note, therefore, that while bias cannot be totally eliminated
in this (or any) study, we are nevertheless adjusting our occupancy estimator as needed
for a number of major factors that contributed to detection bias for each species (i.e.,
based on the results of our detection-probability analysis). Furthermore, we restricted our
site-occupancy modeling to just those species that exhibited an overall naive occupancy
of at least 20% (see below), as bias was shown to be reduced above this threshold in a
simulated survey in which sampling was done without replacement (Kendall and White

2009).

Finally, detection probability and site occupancy can be robustly estimated using

a single survey provided (i) the probabilities of detection and occupancy are both
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dependent on covariates and (ii) the set of covariates that affect detection differ by at
least one variable from the set of covariates that affect occupancy (Lele et al., 2012). We
meet those criteria for all but three of the seven species we focus on here (P. azurea, E.
cesarii, and L. fuscus had a constant probability of detection, and thus detection of these
species was not dependent on any of the covariates in our candidate model set; see

Results).
Model selection and goodness-of-fit

We determined the goodness-of-fit of the global model, as proposed by
MacKenzie and Bailey (2004), for both the detection and occupancy models for each
species. In this technique, we calculate a Pearson Chi-square statistic and use a
bootstrap procedure to determine whether the observed statistic is unusually large. If the
global model is determined to be a poor fit to the data, we can use an overdispersion
parameter (?) to inflate standard errors and to adjust model-selection procedures
(MacKenzie and Bailey 2004; MacKenzie et al. 2006). The global model is considered to
be a good fit to the data (i.e, no overdispersion) when B~ 1. A lack of model fit is given
either by > 1, when there is more variation in the observed data than expected by the
model (overdispersion), or by P<1, when there is less variation than expected
(MacKenzie and Bailey 2004). To approximate the distribution of the test statistic, we

bootstrapped the data 10,000 times. As we had some situations in which 2> 1, it was

necessary to adjust standard errors by multiplying them by v/ (see Results). In those
cases, we based our model selection on AIC scores corrected for overdispersion and
small sample size corrected by the number of sample sites (QAIC. Burnham and

Anderson 2002).
Target Species

Of the 57 frog species we identified in these Cerrado wetlands over the course of

the study (see unpublished Signorelli et al. 2014), our analysis here is centered on seven
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species, each of which has an overall apparent (naive) occupancy of 20-85% within
landscapes. As discussed previously, occupancy rates <20% are prone to greater bias
in the occupancy estimator, whereas occupancy rates >85% suggest a widely distributed
and ubiquitous species whose site occupancy is unlikely to be affected by the landscape
covariates we seek to uncover here. We therefore focused on the following seven
species: Dendropsophus cruzi, D. nanus, D. rubicundulus, Hypsiboas albopunctatus,

Phyllomedusa azurea, Elachistocleis cesarii, and Leptodactylus fuscus.

Dendropsophus cruziis a diminutive tree frog (male snout-vent length, SVL: 16.3-
19.4 mm) that is found in a wide range of habitats throughout the Cerrado of central
Brazil (Pombal Jr. and Bastos 1998;Bastos et al 2003). Males are found calling from
vegetation at pond margins in both natural and disturbed environments (Pombal Jr. and
Bastos 1998; Vaz-Silva et al. 2007).Dendropsophus nanus is a small anuran that is
common in large, flooded areas where males call from grasses and shrubs (Rossa-Feres
and Jim 2001). Dendropsophus rubicundulus is also a small tree frog (male SVL: 18.0 -
23.4 mm; Bastos et al. 2003); males normally call form herbaceous vegetation, on
branches or leaves near temporary and permanent ponds (Bastos et al. 2003). The
white-spotted tree frog, Hypsiboas albopunctatus is of moderate size (male SVL: 53.1 +
7.2 (SD) mm; Ribeiro et al. 2005) and is considered to be shrub-dwelling or arboreal,
although it can be found vocalizing on the ground. It also has a widespread distribution,
occurring in a variety of habitats (Guimarées et al. 2011). Phyllomedusa azurea is
another medium-sized tree frog in the Phyllomedusa hypocondrialis group (male SVL:
31.2- 43.3 mm; Caramaschi 2006). This species also has a protracted breeding season
(Prado et al. 2005; Rodrigues et al. 2007). Males vocalize on leaves, twigs, and branches
of trees, in addition to the leaves of shrubs and grasses (Costa et al. 2010). It is largely
arboreal, as evidenced by its uniqgue morphological adaptation in which the first toe of the
forelimb, and the first and second toes of the hindlimb, are opposable (Caramaschi
2006). Elachistocleis cesarii is a small, widespread species that has short legs and is
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fossorial (male SVL: 22.6-22.7 mm; Toledo et al. 2010). Males typically vocalize with
their hindlegs in the water, while holding the emergent vegetation with the forelimbs.

This species has a long breeding season, but can behave like an explosive breeder after
heavy rains (Toledo et al. 2010). Leptodactylus fuscus is a moderate-sized terrestrial
frog (male SVL: 42.8 + 4.0 (SD) mm; Heyer 1978) that is found in a wide range of
habitats, including open areas, savannahs, grasslands, degraded forests and urban
habitats. Males build subterranean chambers in the dry margins of ponds, where mating
occurs (Lucas et al. 2008). Finally, the butter frog, Leptodactylus latrans, is a nocturnal
frog that is occasionally seen in the daytime (Heyer et al. 1990); this is the largest of the
species we focus on here (male SVL: 92-120 mm; Gallardo, 1964). The butter frog can

be found at the margin of ponds or small lakes, but can easily walk over land.

Results

Occurrence of amphibians at a landscape scale can be determined by either
landscape or local variables, and these relationships will vary between species (Table 4).
In general, species of the family Hylidae seems to be sensitive to landscape variables, in
way that most of them were sensitive by habitat area (Dendropsophus nanus), habitat
configuration (D. cruzi and Phyllomedusa azurea) or both habitat area and configuration
(D. rubicundulus). Two species, D. nanus and D. rubicundulus, are sensitive to both
landscape variables and local-site variables. Only D. rubicundulus seems to be sensitive
to the disturbance gradient. Elachistocleis cesarii and Hypsiboas albopunctatus were not

influenced by either landscape or local-site variables.

Dendropsophus cruzi

This species was recorded in 9 of 18 landscapes surveyed, and the naive
landscape occupancy for this species is 0.50. Because there was a lack of fit in the

global detection model (x* = 1237.74, p = 0.176, B1= 1.384), QAICc was used for model

selection and standard errors were inflated by a factor of V= 1.176. In the analysis of
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detection bias, the summed model weights for the four covariates are 64.57% for
observer, 30.14% for rainfall, and 25.52% for both air humidity and temperature.
Observer was identified as important covariate in modelling detection bias (Table 5),
being present in two of three selected models. Rainfall also appears to have had an
important, but more minor, effect on detection, given that this covariate was ranked third
among the three top-ranked detection models (along with observer), but it appeared
after the null model. Because of the major importance of the observer in the detection
probability of Dendropsophus cruzi, we used this top-ranked model to adjust for detection

bias in our candidate set of occupancy models.

As in the detection models, there was a lack of fit in the global occupancy model

(xz =1346.80, p = 0.043, A= 1.853), and thus QAIC, was used for model selection and

standard errors were inflated by a factor of VB = 1.361. The summed model weights for
the five covariates are: 60.80% for isolation between Cerrado remnants (ENN_MN),
34.10% for proportion of native habitat (PLAND), 24.60% for the mean El index, 23.80%
for the mean pond perimeter, and 16.10% for the coefficient of variation of the El index.
Hence, the isolation among native-habitat remnants is most important to the occurrence
of D. cruzi, and this covariate alone appears in the top-ranked model (Table 6). The
probability of landscape occupancy by D. cruzi tends toincrease in landscapes that have
less isolation between Cerrado remnants (Beny=-1.627, 95% CI £ 2.501). All of the other
top-ranked models (QAICc<2), which included the model with constant occupancy, have
a similar weight, and thus we cannot assign particular importance to one or more of
these covariates. However, landscape variables (ENN_MN, pland) were present in four
of the five top-ranked models, with the mean isolation of Cerrado remnants present in all
of these (the constant model), whereas local-site variables (per_mean, ind_mean) were
present in only two of the top-ranked models. Thus, landscapes covariates appear to be

more important than local-site variables in determining the occurrence of D. cruzi.
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Dendropsophus nanus

This species was recorded in 9 of 18 landscapes surveyed, and the naive
landscape occupancy is 0.50. The global detection model provided a good fit to the data
(x* = 779.948, p = 0.247, B = 1.007), so it was not necessary to adjust the standard error.
In the analysis of detection bias, the summed model weights for the four covariates were
99.40% for observer, 37.30% for humidity, 29.30% for air temperature, and 24.90% for
rainfall. The top-ranked model highlighted observer bias as being important in the
detection of D. nanus, and this model was almost twice as likely as any of the other
candidate models to influence detection (w,/w,= 0.308/0.169 = 1.822; Table 5).
Moreover, the differences in negative log likelihood values of the second and third
models compared to the top model were 1.00 and 0.83, respectively, with an additional
parameter in both models. Thus, the increment in the fit of the other models is small,
suggesting that there was little or no evidence of a relationship between detection
probability and other covariates for D. nanus. Hence, observer bias is important in the
detection of D. nanus, and is more plausible as any of the other candidate models for

detection.

For the occupancy models, there is less variation in the observed data than
expected by the global occupancy model (x* = 550.87, p = 0.573, B1= 0.698), so it was
not necessary adjust the standard error. The summed model weights for the five
covariates are: 82.00% for the coefficient of variation for the El index, 59.20% for
proportion of Cerrado habitat on the landscape, 30.30% for the mean isolation of Cerrado
remnants, 10.20% for the mean pond perimeter, and 5.60% for the mean El index. The
coefficient of variation for the El and the proportion of Cerrado remnants are in the top-
ranked model, and thus are important in determining the landscape occupancy of D.
nanus (Table 6). The occurrence of this species tends to increase on landscapes with
less Cerrado remnants in which ponds surveyed had similar environmental

characteristics (Bi_c,=-4.174, 95% CI + 5.538; Bp anp=-1.690, 95% CI = 2.512). There are
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two other models that are equally plausible (AAICc < 2) in explaining the landscape
occupancy by D. nanus, but both include the coefficient of variation of the El index of
ponds, thereby reinforcing the importance of this covariate. In spite of these other two
models in the top tier, the first-ranked model alone accounted for 36.80% of weight,
which is the same as the second and third models combined. Thus, both local-site and

landscape variables are important in predicting landscape occupancy for D. nanus.
Dendropsophus rubicundulus

This species was recorded in 15 of 18 landscapes surveyed, and the naive
landscape occupancy for this species is 0.833. There is less variation in the observed
data than expected by the global detection model ( ? = 417.39, p = 0.783, @=0.504). In
the analysis of detection bias, the summed model weights for the four covariates were
72.20% for observer, 61.10% for air temperature; 46.60% for rainfall and 33.50% for air
humidity. Observer and air temperature were identified as important covariates in
modelling detection bias (Table 5), and were present in the first two of the three selected
models. The detection bias for D. rubicundulus improve with increased air temperature
(Bemp=0.678, 95% CI + 0.731). Although the two top-ranked detection models had similar
weight, there was no substantial improvement in the fit of the second model with the
additional variable. The difference in negative log-likelihood values between the top
model and the second was 1.830. Thus, our occupancy models were paired with the top

detection model that included air temperature and observer as covariates.

As in the detection model, the global occupancy model is underdispersed (x* =
395.51, p = 0.602, @= 0.898). The summed model weights for the five covariates are:
86.3% for the coefficient of variation of the El index, 79.1% for the mean isolation among
Cerrado remnants, 75.0% for the proportion of Cerrado remnants, 9.6% for the mean
pond perimeter, and, 9.3% for the mean El index. Only one landscape occupancy model

was ranked highly and received 55% of the support; the occurrence of D.
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rubicunduluswas influenced by the proportion of Cerrado remnants and the mean
isolation among those remnants on the landscape, as well as the variability in the El
index of ponds (Table 6). Thus, a combination of landscape and local-site variables was

important in predicting the occurrence of D. rubincundulus at a landscape scale.
Hypsiboas albopunctatus

This species was recorded in 15 of 18 landscapes surveyed, and the naive
landscape occupancy for this species is 0.833. There is less variation in the observed
data than expected by the global detection model (detection: ¥* = 675.21, p = 0.418, A=
0.873). The summed model weights for the four covariates were 100% for air
temperature, 66.70% for air humidity, 43.40% for rainfall, and 25.90% for observer. Air
temperature was clearly an important covariate in modelling detection bias, and along
with air humidity, it was in the top-ranked model (Table 5). Detections of H.
albopunctatus increased with increasing air humidity (Bn,m=0.847, 95% CI + 1.082) and
decreasing air temperature (Bemp=-2.260, 95% CI + 1.611). Beside this top model, there
were two other models that met the selection criteria, and air temperature was present in
all of them and air humidity was present in two of them. Thus, both variables are
important in controlling detection bias for H. albopunctatus, and thus we include the first

model in our candidate set of occupancy models.

As in the detection model, there is less variation in the observed data than
expected by the global occupancy model (x* = 636.12, p = 0.560, B = 0.802). The
summed model weights for the five covariates were 32.60% for proportion of Cerrado
remnants, 30.50% for the mean El index, 30.30% for the mean isolation between
remnants, 20.10% for the mean pond perimeter, and 18.30% for the coefficient of
variation for the El index. The constant model (without covariates) was ranked as the
best model among the candidate set (Table 6). Four other models, each with one

covariate , also met our model-selection criteria, but as these models were 1.6-2.5x less
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likely than the top model, we conclude that landscape occupancy by H. albopunctatus is

a constant and is unaffected by these other covariates.
Phyllomedusa azurea

This species was recorded in 9 of 18 landscapes surveyed, and the naive
landscape occupancy for this species is 0.5. There was a lack of fit in the global

detection model (xz =1036.46, p = 0.243, B=1.138); thus QAIC, was used for model

selection and standards errors were inflated by a factor of VB =1.067. The summed
model weights for the four covariates were 37.43% for air humidity, 28.17% for rainfall,
27.61% for air temperature, and 9.6% for observer. The constant detection model was
ranked as the best model; three other models, each with one covariate, met our model-
selection criteria, but were 1.6-2.4 less-likely than the top model (Table 5). Thus, we

assumed a constant probability of detection in our occupancy models.

For Phyllomedusa azurea, there was a lack of fit in the global occupancy model
(x* = 1001.77, p = 0.260, B = 1.076), and thus QAICc was used for model selection and

standard errors were inflated by a factor of VB = 1.037. The summed model weights for
the five covariates were 57.60% for mean isolation between remnants, 42.50% for
proportion of Cerrado remnants, 34.90% for the mean El index, 23.50% for mean pond
perimeter, and 18.50% for the coefficient of variation of the El index. The top-ranked
occupancy model indicates that landscape occupancy by P. azurea is influenced by the
mean isolation of Cerrado remnants (Table 6). In this case, landscape occupancy by P.
azurea actually appears to increase with increasing isolation of habitat remnants ( =
1.968, 95% CI + 3.234). Five other models met our model-selection criteria, but had 1.5-
2.6x less support than the top-ranked model. Thus, we conclude that landscape
occupancy by P. azurea is positively influenced by increasing isolation of native habitat

(i.e., a landscape-scale variable).
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Elachistocleis cesarii

This species was recorded in 15 of 18 landscapes surveyed, and the naive
landscape occupancy for this species is 0.833. The global detection model provided a
good fit to the data (x* = 843.28, p = 0.264, P1= 0.999).The summed model weights for
the four covariates were 39.64% for humidity, 31.91% for rainfall, 27.47% for air
temperature, and 22.41% for observer. Despite the apparent importance of humidity in
the detection of this species, the top-ranked and most parsimonious model was the
constant-detection model (Table 5). We thus included this model in our candidate set of

occupancy models.

The global occupancy model provided an adequate description of the data, in
which B'was approximately 1 (x* = 736.43, p = 0.525, = 0.832). The summed model
weights for the five covariates were 34.20% for the mean isolation between remnants,
31.90% for proportion of Cerrado remnants, 26.80% for the mean pond perimeter,
21.60% for the mean El index and 15.10% for the coefficient of variation in the El index.
The only model that met our model-selection criteria was the constant model, which
indicates that landscape occupancy by E. cesarii was not influenced by any of the

variables we analyzed in this study (Table 6).
Leptodactylus fuscus

This species was recorded in 12 of 18 landscapes surveyed, and the naive
landscape occupancy for this species is 0.667. There was less variation in the observed
data than expected by the global detection model (3 = 472.50, p = 0.850, = 0.507).
The summed model weights for the four covariates were 49.81% for rainfall, 34.11% for
observer, 28.91% for air temperature, and 26.22% for humidity. The top-ranked model
was the constant-detection model, although the model with rainfall also had good
support; the other three models that met our model-selection criteria were 1.6-2.4x less

likely than the constant model (Table 5). Although the model with rainfall was
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parsimonious with the constant model, we went with the constant-detection model in our

occupancy models owing to its higher ranking and fewer numbers of parameters.

For the occupancy models, there was less variation in the observed data than
expected by the global detection model (5 = 549.851, p = 0.810, @= 0.609). The
summed model weights for the five covariates were 49.90% for mean isolation between
remnants, 36.00% for the coefficient of variation for the El index, 28.10% for the mean
pond perimeter, 26.90% for proportion of Cerrado remnants on the landscape, and
17.00% for the mean El index. The mean isolation between Cerrado remnants is
important in predicting landscape occupancy for L. fuscus, given that it occurs in three of
the five models that met our model-selection criteria (Table 6). In this case, the
probability of occupancy declines with increasing isolation of habitat remnants (3 = -
0.827,95% CI + 1.194). Nevertheless, the top-ranked model suggests that variability in
the ecological integrity of ponds across the landscape is ultimately more important to the
occurrence of L. fuscus at the landscape scale. The probability of occurrence for L.
fuscus is higher in landscapes which have ponds of similar environmental quality (i.e., a
low coefficient of variation). All of the other models received less than 1.7-1.9x the
support of this top-ranked model. We therefore conclude that landscape occupancy for

L. fuscus is best explained by local-site variables related to pond quality.

Discussion

Occurrence of anurans at a landscape scale can be determined by both
landscape and local variables, and these relationships will vary between species. Our
results support that landscape variables involving the amount and configuration of
Cerrado habitat remnants were generally more important to the occurrence of our focal
species than the index of local-site variables used to describe the pond breeding habitat.
Landscape variables alone (either habitat area or isolation) were important to the

occurrence of two anurans (Dendropsophus cruziand Phyllomedusa azurea). Only one
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species had its occurrence best explained by local-site rather than landscape variables
(Leptodactylus fuscus),whereas both landscape and local-site variables were important
to the occurrence ofDendropsophus rubicundulus. Processes operating at a landscape
scale may thus be more important in influencing patterns of landscape occupancy within
these pond-breeding amphibians of the Brazilian Cerrado. Given that the amount and
isolation of native-habitat remnants are inversely related to the intensity of land use, our
study implicate grazing and agricultural practices as the major anthropogenic

disturbances that affect the occurrence of pond-breeding anurans at a landscape scale.

Landscape configuration, as assayed by the average isolation of native-habitat
remnants, was featured in the top-ranked occupancy models for three species:
Dendropsophus cruzi, D. rubicundulus, and Phyllomedusa azurea. All three species are
endemic to the Cerrado (Valdujo et al. 2012), but are influenced differently by landscape
configuration. For instance, the occurrence of the two Dendropsophus species (D. cruzi
and D. rubicundulus) was negatively affected by the isolation between habitat remnants.
Most amphibians engage in seasonal movements between upland habitats and breeding
ponds, and thus are likely to suffer lower dispersal success or greater mortality during
dispersal when the landscape is highly altered by different land uses, such as those
involving agricultural and grazing practices (Marsh and Trenham 2001). The third
species, P. azurea, had a positive association with habitat isolation, which runs counter
to expectations for most anurans, but especially for an arboreal frog. Species of the
genus Phyllomedusa are well adapted to extreme conditions, however, which may
enable them to tolerate the generally drier conditions expected in the more-open areas
and longer distances between native-habitat remnants that result from agricultural
conversion of the landscape. For example, this genus is commonly referred to as
“waterproof frogs” (Faivovich et al. 2009), owing to the waxy cutaneous secretion that
they wipe over their bodies and which helps to minimize evaporative water loss (Toledo
and Jared 1993; Faivovich et al. 2009). Moreover, all species of this genus have skin
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secretions that contain bioactive peptides with antimicrobrial properties, as well as
noxious or toxic compounds that provide a deterrent to predators (Calderon et al. 2011),
and which together might offer protection to individuals that are forced to disperse across
greater distances between habitat fragments. Unfortunately, there is no information on
the dispersal behavior or landscape resistance to movement in Phyllomedusinaes. We
do know, however, that P. azurea can be found in open areas within native Cerrado
habitats as well as in highly disturbed environments elsewhere (e.g., (Freitas et al. 2008;
Nomura et al. 2012; Bruschi et al. 2013), which again reinforces the results of our
occupancy model analysis. More research is clearly needed to determine how or why
landscape occupancy by P. azurea increases with increasing isolation of native-habitat

remnants.

Beyond landscape configuration, habitat-area effects were evident for two
species. D. nanus and D. rubicundulus, although perhaps not in the way we had
expected, given that both species were negatively associated with the amount of
Cerrado habitat on the landscape. Although D. rubicundulus is considered to be
endemic of Brazilian savanna, it tends to occur in open habitats within this biome.
Moreover, the number of small ponds may actually increase in landscapes with greater
human development and agricultural land use, which they are mostly related to cattle
raising (De Marco et al. 2014). Ironically, then, agricultural land use may be providing
more breeding sites for some anuran species in the Cerrado. For other species, the
amount of native habitat per se may not be important, but if there are fragments of native
vegetation, independent of their size, it could provide more suitable conditions to their
persistence, as shelter, foraging areas, besides facilitating dispersion movements (Silva

and Rossa-Feres 2007)(Silva and Rossa-Feres 2011).

Local-site variables were important to the landscape occurrence of three species:
Leptodactylus fuscus, D. nanus, and D. rubicundulus. Among these species, the

occurrence of D. rubicundulus was positively associated with high spatial heterogeneity
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at the landscape scale (large CV of the local pond-habitat variables). This species is
widely distributed throughout the Cerrado (Napoli and Caramaschi 1999; Annunziata et
al. 2007; Silva et al. 2011a), and it can occur in landscapes with certain variability in
environmental integrity among ponds. On the other hand, D. nanus and L. fuscus are
also widely distributed throughout Brazil (Frost 2014), and are often found within open
habitats and highly disturbed environments (Wynn and Heyer 2001). In the case of these
two species, landscape occupancy decreased with variability in the local-site index,
which may simply reflect that the pond environment is more uniform in open or disturbed
landscapes in which these species have high occurrence. In spite of this, the quality of
breeding ponds is generally important for anurans(e.g.(Vasconcelos et al. 2009; Silva et
al. 2011b; Silva et al. 2012) ), and drives both local and regional patterns of species
richness in the Brazilian Cerrado (unpublished Signorelli et al. 2014). Still, the local-site
index related to pond habitat was only important to the occurrence of three of our seven
target species, although it was the most important covariate explaining landscape

occupancy in L. fuscus.

The occurrence of two species, Hypsiboas albopunctatus and Elachistocleis
cesarii, was independent of either local-site or landscape covariates. Among the Hylidae
analyzed here, H. albopunctatus is considered a moderate-sized tree frog, and probably
has better dispersal ability than species in the genus Dendropsophus or Phyllomedusa.
In frogs, larger species can jump longer distances (Gomes et al. 2009), which can favor
long-distance movement over short time periods. Large-bodied species also have
proportionately less surface area, which reduces evaporative water loss and extends the
amount of time they can spend away from water sources (Tracy et al. 2010). Hypsiboas
albopuntatus and Elachistocleis cesarii are a generalist and can be found in a wide
range of habitats, from pristine to highly environment (e.g. (Thomé and Brasileiro 2007,
Muniz et al. 2008; Valdujo et al. 2012)(Muniz et al. 2008; Kopp et al. 2010; Guimarées et
al. 2011, Silva et al. 2011b). Hypsiboas albopunctatus can use both lentic and lotic water
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bodies to breed (see (Thomé and Brasileiro 2007; Muniz et al. 2008; Kopp et al. 2010),
and Elachistocleis cesarii use permanent ponds or shallow temporary ponds, even those
created after rains or in rural gardens and pastureland ((Thomé and Brasileiro 2007);
Rodrigues et al. 2010). Thus, it stands to reason that this species would be found most
anywhere where there is water, which is likely why its occurrence was not associated

with any of the local-site or landscape variables in our occupancy model analysis.

Model Concerns and Caveats

Various sources of error can cause bias in estimates of species distribution. It
means that the probability of detection is less than 1, and that species can be non-
detected in a site in which this species is present (MacKenzie et al. 2002; Royle 2006).
There are many and varied of factors that could influence the detectability of species,
and sometimes it may not be possible to identify or at least control all these sources of
errors, even with a careful field design (Royle 2006). Thus, it is important to consider
that exists a heterogeneity detection probability and control this detection bias in our
occupancy models. Knowledge of the factors that affect detection probability can help to
design efficient surveys (Pellet and Schmidt 2005).Thus, we discuss here methodological
aspects that could be influencing in the detection capability, hoping the use of this

information may help to control or minimize these errors in other situations.

In this study, three of seven species analyzed did not have their detectability
skewed for any of considered covariates. However, two species had their detectability
influenced mainly by environmental covariates, and three species by observer bias. The
temperature was expected to influence the detectability of anurans, since they are
ectothermic animals, and their physiology and behavior may be directly and indirectly
affected by air temperature (Wells 2007). Environmental temperature influences rates of
energy use and assimilation as well as performance in gathering resources and

interacting with other organisms (Bennett 1990). The relationship between temperature
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and detection probability can vary between species, and it is important to determine ideal

conditions for surveys (Pellet and Schmidt 2005).

Besides air temperature, humidity also influences the detectability of some
species (Dendropsophus nanus, Hypsiboas albopunctatus, Phyllomedusa azurea,
Elachistocleis cesarii), although only one species actually had humidity in the top-ranked
detection model (H. albopunctatus). Terrestrial species of amphibians may dehydrate
when exposed to low humidity (Dabés et al. 2012), and some species decrease their
activity during nights with low air humidity (Van Sluys et al. 2012). Terrestrial amphibians
are liable to dehydration, and thus the interaction with biotic and abiotic factors in the
environment are important to absorb water (Dabés et al. 2012). In Elachistocleis cesarii,
the most important model was those without covariates, but the model with humidity as a
covariate was selected as the second-best model, which is consistent with the natural
history of this species. Despite it being a prolonged breeder during the wet and hot
season of the year, it may behave like an explosive breeder (sensu (Wells 2007)) after
heavy rains and in nights with high humidity (Toledo et al. 2010). Observer bias was the
variable that most influenced the detectability of species. Although all observers received
training before the surveys, which has been shown to reduce inter-observer variability
(Sewell et al. 2010), observers may still fail to detect species present or may incorrectly
identify calls of species (Lotz and Allen 2007). In this study, observer bias was mainly
detected in species of the genus Dendropsophus. Species of this genus are
characterized by their small size and lek mating system during the breeding season,
which results in many males vocalizing in a common area. Normally, species that present
this behavior are easily identified by observer. However, when there are two or more
closely related species that also emit similar calls, the lek behavior can generate some
confusion among collectors. Thus, the most-obvious ways to minimize observer bias in
future studies would be to either use a single highly trained observer across all sites and
years of the study (which is generally not feasible); invest in longer and more-intensive

140



w

training workshops (which would be a luxury for most studies) ; or, as we did here,
correct for detection bias within the occupancy modeling framework, as we have done in

this study (Lotz and Allen 2007).
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1 Table 1. Covariates used to assess detection probability and landscape occupancy of

2 frogs in the Brazilian Cerrado.

Variable
Covariates type Description
Detection
Constant None Detection assumed to be constant
Rainfall Rain Continuous  Precipitation (measured in
millimeter) on the day of survey
Temp Air temperature in the end of
Temperature (°C) Continuous  survey
Humidity (%) Hum Continuous  Air humidity in the end of survey
Obs Individual observer that performed
Observer Categorical  the survey
Occupancy
Occupancy assumed to be
Constant None constant
Percentage of Pland Continuous  Proportion of the landscape
remnants occupied by Cerrado remnants
Isolation ENN_MN Continuous  Euclidean Nearest-Neighbor
Distance; distance from patch of
remnant ij to nearest neighboring
patch of the same type, based on
patch edge-to-edge distance
Integrity Index Mean  Ind_mean Continuous  Mean of quantitative integrity index
derived from a set of qualitative and
semi-quantitative habitat measures
of ponds characteristics, which
were proportional to the pond area
Integrity Index CV Ind_cv Continuous  Integrity index coefficient of
variation (CV). It was calculated as
follows: CV= SD/#
Pond perimeter Mean Per_mea Continuous  Mean of ponds surveyed perimeter
n in each landscape
Pond perimeter CV Per_cv Continuous  CV of ponds surveyed perimeter in
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each landscape. It was calculated

as mentioned above
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Table 2. Set of candidate occupancy models to test hypotheses about the effects of
habitat amount, isolation, disturbance gradient (interaction between habitat amount and
isolation),and local environmental factors related to breeding ponds on landscape

occupancy of anurans in the Brazilian Cerrado.

Hypotheses Models

Habitat amount hypothesis (HAH)
Pland
Pland + ind_mean + per_mean
Pland + per_mean
Pland + ind_mean
Pland + ind_cv

Isolation hypothesis (IH)
ENN_MN
ENN_MN + ind_mean + per_mean
ENN_MN + per_mean
ENN_MN + ind_mean
ENN_MN +ind_cv

Interaction between HAH and IH
(HAIH)

Pland + ENN_MN

Pland + ENN_MN + ind_mean + per_mean
Pland + ENN_MN + per_mean

Pland + ENN_MN + ind_mean

Pland + ENN_MN + ind_cv

Local environmental hypothesis
(LEH)
ind_mean + per_mean
per_mean
ind_mean
ind_cv

Null hyposthesis (NH)
no covariates

Global model
Pland + ENN_MN + ind_mean + per_mean +
ind_cv
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Table 3. Pearson correlation coefficient between the different possible covariates

considered for use in the occupancy models.

PLAND ENN_MN per_mean ind_mean per CV  ind_CV
PLAND 1.000
ENN_MN -0.290 1.000
per_mean 0.350 -0.150 1.000
ind_mean -0.200 0.330 -0.140 1.000
per_CV -0.250 0.530 -0.040 0.480 1.000
ind_CV -0.060 0.360 0.110 0.130 0.250 1.000

P< 0.05 are in bold
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Table 4. Species’ responses at a landscape scale considering both landscape and local

predictors, resulting from occupancy models.

Null Local-site Landscape variables
model variable
Species Constant El index Habitat Habitat
(ind_cv) area configuration
(PLAND) (ENN_MN)

Hypsiboas albopunctatus X
Elachistocleis cesarii X
Leptodactylus fuscus X
Dendropsophus nanus X X
Dendropsophus rubicundulus X X X
Dendropsophus cruzi X
Phyllomedusa azurea X
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Table 5. Model-selection results for the probability of detection for seven frog species in the

Brazilian Cerrado. Only the top-ranked models (AAIC. or AQAIC, as appropriate) are shown

here. See Table 1 for an explanation of the model covariates.

QAICCc/Al  AQAICc/A

Model Cc AlCc w K -2
Dendropsophus cruzi

p(obs)psi(.) 87.880 0.000 0.244 5 107.120

p(.)psi(.) 88.960 1.080 0.142 2 117.480

p(rain+obs)psi(.) 89.320 1.440 0.119 6 106.070
D. nanus

p(obs)psi(.) 102.780 0.000 0.308 5 92.280

p(hum+obs)psi(.) 103.980 1.200 0.169 6 91.280

p(rain+obs)psi(.) 104.150 1.370 0.155 6 91.450
D. rubicundulus

p(temp+obs)psi(.

) 153.530 0.000 0.198 6 140.830

p(temp+rain+obs

)psi(.) 153.940 0.410 0.161 7 139.000

p(obs)psi(.) 155.170 1.640 0.087 5 144.670
Hypsiboas albopunctatus

p(temp+hum)psi(

) 150.650 0.000 0.280 4 142.320

p(temp+hum-+rai

n)psi(.) 151.180 0.530 0.214 5 140.680

p(temp)psi(.) 151.710 1.060 0.165 3 145.510
Phyllomedusa azurea

psi(.)p(.) 131.260 0.000 0.289 2 144.760

p(hum)psi(.) 132.140 0.880 0.186 3 143.380

p(temp)psi(.) 133.020 1.760 0.120 3 144.380

p(rain)psi(.) 133.030 1.770 0.119 3 144.390
Elachistocleis cesarii

psi(.)p(.) 158.930 0.000 0.199 2 154.830

p(hum)psi(.) 159.110 0.180 0.182 3 152.910

p(rain)psi(.) 159.740 0.810 0.133 3 153.540

p(obs)psi(.) 160.780 1.850 0.079 5 150.280

p(temp)psi(.) 160.910 1.980 0.074 3 154.710
Leptodactylus fuscus

psi(.)p(.) 138.450 0.000 0.181 2 134.350

p(rain)psi(.) 138.710 0.260 0.159 3 132.510

p(rain+obs)psi(.)  139.460 1.010 0.109 6 126.760

p(temp)psi(.) 140.070 1.620 0.081 3 133.870

p(obs)psi(.) 140.180 1.730 0.076 5 129.680
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Table 6. Model-selection results for the probability of landscape occupancy by seven frog

species in the Brazilian Cerrado. Only the top-ranked models (AAIC. or AQAIC. as

appropriate) are shown here. See Table 1 for an explanation of the model covariates.

Model Hypothesis  QAICc/  AQAICc/ w K -2
AlCc AAICc
Dendropsophus cruzi
psi(ENN_MN) IH 67.690  0.000 0.159 6  101.870
psi(.) NH 68.320  0.630 0.116 5 107.120
psi(pland+ENN_MN) HAIH 68.620  0.930 0.100 7 99.450
psi(ENN_MN+per_mean) IH 69.120  1.430 0.078 7  100.370
psi(ENN_MN+ind_mean) IH 69.670  1.980 0.059 7  101.390
D. nanus
psi(pland+cv_ind) HAH 97.670  0.000 0.368 7 82.730
psi(cv_ind) LEH 98.730  1.060 0.217 6 86.030
psi(pland+ENN_MN-+cv_ind) HAIH 99.470  1.800 0.150 8 82.250
D. rubicundulus
psi(pland+ENN_MN-+ind_cv) HAIH  146.980 0.000 0.550 9  127.440
Hypsiboas albopunctatus
psi(.) NH  150.650 0.000 0.183 4  142.320
psi(ind_mean) LEH 151650 1.000 0111 5 141.150
psi(ind_cv) LEH 152320 1.670 0.079 5  141.820
psi(pland) HAH 152380 1.730 0.077 5 141.880
psi(ENN_MN) IH 152470 1.820 0.074 5 141.970
Phyllomedusa azurea
psi(ENN_MN) IH  137.900 0.000 0.141 3  141.660
psi(.) NH  138.680 0.780 0.096 2  144.760
psi(pland+ENN_MN+ind_mea HAIH
n) 139.140  1.240 0.076 5  138.370
psi(pland+per_mean+ind_me HAH
an) 139.140  1.240 0.076 5  138.370
psi(ENN_MN+ind_mean) IH  139.170 1.270 0.075 4  140.730
psi(ENN_MN-+ind_cv) IH 139.840 1.940 0.054 4  141.450
Elachistocleis cesarii
psi(.)p(.) NH  158.930 0.000 0.229 2  154.830
Leptodactylus fuscus
psi(ind_cv) LEH  137.270 0.000 0.169 3  131.070
psi(ENN_MN) IH  138.320 1.050 0.100 3  132.120
psi(ENN_MN-+per_mean) IH 138.350 1.080 0.098 4  130.020
psi(.) NH  138.450 1.180 0.094 2  134.350
psi(ENN_MN-+ind_cv) IH 138500 1.230 0.091 4 130.170
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Figure 1 — Linear relationship between two landscape metrics used to characterize a
landscape-disturbance gradient within the Brazilian Cerrado): PLAND, the proportion of
native habitat in the landscape (a measure of habitat loss) and EMN_MN, the average
nearest-neighbor distance between native-habitat remnants (a measure of habitat isolation).
A) All 478 landscapes (25 km x 25 km-cells) within the state of Goias; B) the 24 landscapes

pre-selected in this study.
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CONCLUSOES GERAIS

O aumento das atividades humanas tem sido uma das maiores ameacas a
biodiversidade. A perda de habitat, o isolamento de remanescentes, a alteracdo do fluxo
génico e dos movimentos de disperséo, sdo exemplos de fatores que estdo diretamente
relacionados a alteragéo da configuracdo de uma paisagem em funcdo da substituicdo de
areas nativas por areas agricultaveis. Esse avanco das fronteiras agricolas dificilmente é
reversivel, entdo € necessario buscar alternativas para conservar a diversidade mesmo com
0 aumento das atividades humanas. No entanto, a falta de conhecimento a respeito da
diversidade de espécies e dos fatores que a governam em escala local e regional pode ser
um problema, uma vez que reduz nosso poder preditivo. Entdo, com a intencéo de preservar
a riqueza de espécies de anuros associados a pogas no Cerrado brasileiro, tentamos cobrir
lacunas de amostragem e criamos a primeira lista de espécies para o estado de Goias. No
total, foram registradas 92 espécies para o estado sendo que 58 foram registradas em
nossas amostragens. Dentre as 92 espécies, estdo inclusas as espécies de
desenvolvimento direto e as que se reproduzem em corpos d’agua l6tica. Este nimero
engloba cerca de metade das espécies registradas para o bioma e, provavelmente, deve
aumentar uma vez que ha o conhecimento de espécies que estdo sendo descritas e de

espécies ndo identificadas, com taxonomia duvidosa.

Além disso, nosso trabalho contém informacgdes importantes sobre os processos que
estdo estruturando as assembleias de anfibios que se reproduzem em pogas. A relacéo
espécie-area ndo expressa de maneira determinista o verdadeiro mecanismo que gera a
riqueza de espécies, dado que a area ndo € um bom preditor da quantidade de energia no
sistema. A energia do sistema e a heterogeneidade da paisagem séo os fatores que estdo
estruturando as assembleias de anuros. E, seguindo o efeito de prioridade, a cada estagéo
reprodutiva diferentes espécies podem ser pioneiras na colonizagdo das pocas e inibir o
estabelecimento de espécies subsequentes. Este processo deve oscilar ao longo da escala

temporal, o que tornaria a dindmica da comunidade altamente variavel em fungéo da
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gualidade das manchas de habitats e pelo potencial dispersivo das espécies. Entéo,
esperamos que pocas com baixa qualidade de habitat apresentem pouca energia disponivel
e baixa riqgueza de espécies, sendo dominadas pela espécie pioneira. Enquanto que pocas
com alta qualidade de habitat, os nichos estdo equitativamente particionados, tendo alta
energia disponivel no sistema e apresentando pouca ou nenhuma dominancia de uma

determinada espécie,

Apesar de a relagdo espécie area ndo ser um bom preditor da riqueza de espécies
de anuros, ndés encontramos que varias pequenas pocas retém mais espécies do que uma
Unica poga grande de mesma area. Isso pode acontecer, pois po¢as pequenas podem ter
riqueza de espécies similar, mas com composi¢cdo de espécies diferentes. Além disso,
encontramos que é mais eficiente considerarmos a area das pocas ao invés da
heterogeneidade de habitats. As pogas pequenas apresentam alto valor de conservacéo até
mesmo em ambientes dominados pela agricultura. Além de serem importantes para a
manutencdo das atividades econdmicas, as pogas sdo trampolins ecoldgicos, sendo
importantes para a manutencdo das populacBes vidveis de anuros. Entdo, a criagdo de
pocas pequenas, isoladas e devidamente manejadas, deve ser considerada como uma
estratégia para manter a diversidade de espécies de anuros em uma regido, mesmo ela

sendo altamente impactada.

E, para finalizar, encontramos que fatores da paisagem e variaveis locais sdo ambos
importantes para determinar a ocorréncia das espécies de anuros. No entanto, esta relacao
pode mudar de acordo com as espécies e de como as mesmas percebem a paisagem.
Dado que a porcdo de habitat e o isolamento entre remanescentes sao inversamente
relacionados as atividades de uso de solo, nosso estudo implicam que pastagens e praticas
agricolas sdo os maiores fatores antropicos que estariam afetando na ocorréncia de

espécies de anuros na escala da paisagem.

158



