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RESUMO

Com a intensificacdo das atividades antrdpicas sobre as areas naturais, principalmente
nos tropicos, o uso de indicadores ambientais torna-se importante para verificar como a
biodiversidade esta respondendo a diferentes condigdes ambientais. O principal objetivo
desta tese foi entender as respostas dos besouros escarabeineos a modificagdo do habitat
em floresta tropical. Para isso, subdividiram-se os seguintes objetivos: (Capitulo I)
entender como redugdo de cobertura florestal influencia a comunidade de escarabeineos;
(Capitulo II) avaliar como diferentes preditores de paisagem - cobertura florestal,
densidade de borda e matriz de pastagem - afetam diferentes subgrupos de escarabeineos
¢ (Capitulo III) resumir o estado atual de conhecimento sobre as variaveis respostas de
escarabeineos utilizadas em estudos de modificacdo de habitat em florestas tropicais. Para
responder os dois primeiros objetivos, 16 paisagens localizadas na Floresta Atlantica do
Nordeste brasileiro - hotspot de biodiversidade - foram selecionadas. Enquanto que para o
terceiro objetivo, uma qualitativa e quantitativa revisdo de literatura foi realizada com
base em artigos publicados em revistas cientificas exploradas a partir da plataforma ‘Web
of Knowledge’. Verificou-se que (1) a reducdo de cobertura florestal tem efeitos
negativos sobre os escarabeineos e a [ diversidade aumentou em fragmentos com pouca
cobertura florestal na paisagem; (2) a densidade de bordas foi a variavel explicativa mais
importante para mudangas na comunidade de escarabeineos quando comparada com
cobertura florestal e de pastagem em escala de paisagem. No entanto, tanto a cobertura
florestal quanto a de pastagem influenciaram significativamente varias respostas no
grupo, tais como reducdo de coprofagos e necrofagos; e (3) foram registrados 194 estudos
de 1975 a 2018, desenvolvidos em florestas tropicais de 31 diferentes paises e com
pesquisadores concentrados principalmente no Brasil, Reino Unido e México. Nossos
resultados destacam que as varidveis mais usadas para avaliar modificagdoes de habitat
foram em ordem crescente, ‘abundancia’, ‘riqueza/diversidade de espécies’ e
‘massa/tamanho corporal’. Em conjunto, esses resultados sugerem a necessidade de
estratégias de conservacdo e manejo, por meio da recuperacdo da cobertura florestal e
reducdo na cobertura de pastagem e densidade de borda em nivel de paisagem. Como
também, reforca a importancia de aprimorar os estudos sobre as varidveis repostas de
espécies indicadoras, visto que esse € um passo essencial para avaliar os efeitos da
modificacdo de habitat na biodiversidade.

Palavras-Chave: Floresta tropical. Indicadores ecoldgicos. Mudanca de habitat. Paisagens
fragmentadas. Scarabaeinae.



ABSTRACT

With an intensification of anthropic activities on natural areas, mainly in the tropics, the
use of ecological indicators becomes an essential task to verify how biodiversity is
responding to different habitat condition. The main objective of this thesis was to
understand the answers of dung beetle to habitat changes in tropical forests. For this,
subdivided the following objectives: (Chapter I) to understand how reduction of forest
cover influences the community of dung beetles; (Chapter II) to evaluate how different
predictors of landscape - forest cover, edge density and pasture in the matrix - affect
different subgroups of dung beetles and (Chapter III) to summarize the current state of
knowledge on response variables of dung beetles in human-modified landscapes in
tropical forests. To answer the first two objectives, 16 landscapes located in the Atlantic
Forest of Northeast Brazil - biodiversity hotspot - were selected. While for the third
objective, a qualitative and quantitative literature review was carried out based on articles
published in scientific journals explored from the "'Web of Knowledge' platform. It was
verified that (1) reduction of forest cover has negative effects on dung beetles and f
diversity increased under low forest cover; (2) edge density was the most important
explanatory variable to changes in the dung beetles communities when compared to
forest and pasture cover at landscape scales. However, both forest and pasture cover also
significantly influenced many of the dung beetle responses, such as reduction of
coprophagous and necrophagous; and (3) we recorded 194 studies from 1975 to 2018,
developed in tropical forests of 31 different countries and with researchers mostly
concentrated in Brazil, United Kingdom and Mexico. Our results highlight that the
highest ranked response variables used to assess habitat changes were ‘abundance’,
followed by ‘species richness/diversity’ and ‘body mass/size’. Taken together, these
results suggest the need of conservation and management strategies focused through
promotion the forest recovery and reduction in the pasture cover and edge density at the
landscape-level. It also reinforces the importance of improving studies on response
variables of ecological indicators, since this is an essential step to assess the effects of
habitat changes on biodiversity.

Keywords: Ecological indicators. Fragmented landscape. Habitat change. Scarabaeinae.
Tropical forest.



INTRODUCAO GERAL

A intensificagdo das atividades antropicas sobre as areas naturais, principalmente
nos ecossistemas tropicais, tem levado pesquisadores a investigarem os efeitos das
paisagens modificadas pelo homem sobre a biodiversidade e a definir estratégias de
manejo dessas paisagens de modo a assegurar a conservacdo dos ecossistemas
(BARLOW et al., 2018; MELO et al., 2013). O processo de modificacdo das paisagens
conduzida pelo homem apresentou um acelerado crescimento nas ultimas trés décadas
(LAMBIN & GEIST, 2006), baseado principalmente na expansdo da agricultura, pecuaria
¢ urbanizacdo (GEIST & LAMBIN, 2002; MAXWELL et al., 2016). As paisagens
resultantes da perda e fragmentacdo de habitat podem apresentar além da quantidade de
habitat original reduzida, fragmentos de diferentes tamanhos e com diferentes graus de
isolamento, com influéncia do efeito de borda que varia de acordo com o tipo de matriz
circundante (DELGADO et al., 2007; FAHRIG, 2003, 2013; LAURANCE, 2008).

A perda de habitat representa uma das maiores ameagas a biodiversidade,
alterando a distribuicdo de espécies e enfraquecendo a funcionalidade dos ecossistemas
(CARDINALE et al., 2012; PIMM & RAVEN, 2000). Com isso, os principais objetivos
dos estudos em ecologia da conservacdo tém sido entender quais alteracdes ocorrem
quando a dindmica da paisagem ¢ modificada (MURCIA, 1995; TABARELLI et al.,
2012), as conseqiiéncias destas alteragdes na manutencdo da biodiversidade (GARDNER
et al., 2008; NICHOLS et al., 2009) e como esses resultados podem gerar subsidios para
politicas publicas de conservagdo da biodiversidade (CASTELLANO & SORRENTINO,
2012; JOLY etal., 2010).

Estudos tém comprovado empiricamente os impactos da perda de habitat em
paisagens tropicais (FILGUEIRAS et al., 2016; NICHOLS et al., 2007; SANCHEZ-DE-
JESUS et al., 2015). Efeitos importantes como a formagio de bordas em paisagens
fragmentadas, podem causar uma redu¢do da umidade relativa e aumento da incidéncia
de temperatura (MURCIA, 1995; TURNER, 1996). Conseqiientemente, essas condicdes,
afetam negativamente espécies tolerantes a sombra e favorecem espécies pioneiras
(LAURENCE et al., 1998). Como também, os efeitos associados a formagdo de matrizes
com diferentes composi¢des vegetacionais e condigdes microclimaticas em relagdo a

floresta (BARNES et al., 2014; FRANKLIN & LINDENMAYER, 2009), podem reduzir
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a conectividade entre paisagens e dificultar a dispersdo dos organismos (FAHRIG &
MERRIAM, 1994; METZGER & DECAMPS, 1997). Além disso, ¢ importante destacar
que os resultados da perda e fragmentacdo de habitat podem ser progressivos em longo
prazo, levando conseqiiéncias como o atraso de imigracdo e o débito de extingcdo e das
fungdes do ecossistema (HADDAD et al., 2015).

As Florestas Tropicais sdo um dos mais diversos ecossistemas do mundo, com
altas taxas de endemismo (MAYAUX et al., 2005). Todavia, estdo associadas a uma alta
incidéncia de perda e fragmentagdo de habitat, onde 70% das florestas estdo dentro de 1
km ou menos de uma borda antropogénica (HADDAD et al., 2015). Dentro deste
contexto, destaca-se a Floresta Atlantica do Brasil que tem 80% dos remanescentes
florestais menores que 50 ha e aproximadamente metade da floresta existente estd a
menos de 100 m de uma area antropizada (RIBEIRO et al., 2009). A Floresta Atlantica
abriga uma alta diversidade e taxa de endemismo de espécies (MYERS et al., 2000).
Além disso, apresentam zonas de refugios climaticos com alta diversidade genética
(CARNAVAL & MORITZ, 2008; CARNAVAL et al., 2009; FONSECA, 1985), sendo
um /hotspot de biodiversidade (TABARELLI et al., 2005).

Desse modo, estudos que elucidem como os organismos estdo respondendo a
mudanca de habitat podem estabelecer diretrizes para conservacdo da biodiversidade
(BALMFORD et al., 2012; GARDNER et al.,, 2009). Uma forma de identificar
modificacdes de habitat e qualificar os estudos ecologicos ¢ através do uso de espécies
que funcionam como indicadoras de alteragdes ambientais (MCGEOCH, 1998;
MCGEOCH et al., 2002). A utilizacdo de espécies indicadoras em ecossistemas terrestres
aumentou a partir da década de 80 (MCGEOCH, 1998) e hoje, diversos grupos como
borboletas, formigas e besouros t€ém sido classificados como efetivos indicadores
terrestres (AGOSTI et al., 2000; BONEBRAKE et al., 2010; FREITAS et al., 2006;
HALFFTER & FAVILA, 1993; UEHARA-PRADO et al., 2009).

Besouros da subfamilia Scarabacinae (Scarabaidae), popularmente conhecidos
como escarabeineos ou rola-bostas, sdo abundantes e diversos em florestas tropicais
(HALFFTER & MATHHEWS, 1966; HANSKI & CAMBEFORT, 1991) e
particularmente importantes para a manutencdo de fungdes do ecossistema ligadas a
ciclagem de nutrientes, dispersdo secundaria de sementes, aera¢do do solo e supressdo de
parasitas (NICHOLS et al., 2008). A comunidade de escarabeineos ¢ influenciada por
diversos fatores, tais como cobertura florestal (HALFFTER & ARELLANO, 2002;
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SANCHEZ-DE-JESUS et al., 2015), tipo de solo (BEIROZ et al., 2017; FARIAS et al.,
2015; GRIFFITHS et al., 2015), variaveis microclimaticas (OSBERG et al., 1994) ¢
fontes de alimento (ESTRADA et al., 1999; NICHOLS et al., 2009). Desse modo, esses
insetos tém sido largamente utilizados em avaliacdes sobre as conseqiiéncias da perda e
fragmentacdo em florestas tropicais (LARSEN et al., 2008; MARSH et al., 2018),
contribuindo significativamente para a identificacdo de impactos negativos em habitats
naturais (BARLOW et al., 2016; FILGUEIRAS et al., 2019).

As variagdes nas comunidades de escarabeincos em resposta a perda e
fragmentacdo nas florestas tropicais, incluem redu¢do na riqueza e abundancia de
espécies florestais (BARRAGAN et al., 2011; FILGUEIRAS et al., 2015), perda de
guildas funcionais e mudangas no provimento das funcdes ecossistémicas (AUDINO et
al., 2017; BRAGA et al., 2013). Embora as variagdes descritas sejam em grande parte
provenientes de estudos de pequena escala (NICHOLS et al., 2007), pesquisas recentes
em nivel de escala de paisagem também tem corroborado com esses padrdes gerais de
resposta (BARLOW et al., 2016; BRAGA et al., 2013; SOLAR et al., 2015).

Um passo fundamental para viabilizar o planejamento de agdes de conservagdo
efetivas em florestas tropicais ¢ o desenvolvimento de pesquisas cujas analises fornecam
uma compreensdo de quais for¢as-motrizes da paisagem (drivers) alteram padroes e
processos ecologicos e uma identificagdo clara sobre quais mudangas ocorrem nas
comunidades biologicas. Visando esclarecer esta questdo, meu principal objetivo nesta
tese é entender os efeitos da modificacdo do habitat na comunidade de escarabeineos
tropicais e identificar quais variaveis respostas do grupo estdo sendo utilizadas em
estudos de alteragdes de habitat em florestas tropicais. Abordarei este assunto em trés
capitulos que foram escritos para publicagdo com co-autoria de pesquisadores do Brasil,
Inglaterra e México, focando em diferentes aspectos de um tema central. Vale ressaltar
que os trés capitulos estdo em formato de artigo e que a estrutura de cada um segue

normas pré-estabelecidas pelas revistas as quais serdo submetidos para publicagao.

Capitulo I - Neste capitulo o enfoque é sobre como a redugdo de cobertura florestal (um
proxy da perda de habitat) influencia a comunidade de besouros escarabeineos, na
Floresta Atlantica. Para alcancar esse objetivo, escarabeineos foram coletados em 16
florestas distribuidas em duas regides com diferentes porcentagens de cobertura florestal

na Floresta Atlantica brasileira. As analises foram baseadas na abundéncia, riqueza e

12



composi¢do de espécies, grupos funcionais e indices de diversidade. Espera-se que a
reducdo de cobertura florestal tenha efeitos negativos sobre a comunidade de
escarabeineos e a beta diversidade () apresente uma relagdo negativa com a porcentagem
de cobertura florestal, com diferenciagdo na composicdo de escarabeineos entre

paisagens. Pretende-se submeter este trabalho a revista Ecological Entomology.

Capitulo II - Nesse capitulo buscamos entender as conseqiiéncias da perda e
fragmentacdo de habitat, em escala de paisagem, sobre a comunidade de escarabeineos da
Floresta Atlantica. Desse modo, duas questdes principais foram levantadas: (1) A
cobertura florestal contribui mais do que a densidade de bordas e a cobertura de
pastagens para mudancas na comunidade de escarabeineos? (2) Como esses preditores de
paisagem afetam diferentes subgrupos de escarabeineos e indices funcionais? Para
responder a essas perguntas, selecionamos 16 paisagens separadas por pelo menos 1 km
para evitar sobreposicdo. As espécies de escarabeineos foram separadas em subgrupos
com base em diferentes caracteristicas (por exemplo, comportamento de recolocacdo de
recursos, preferéncia alimentar, métricas morfologicas), que também foram consideradas
para calcular indices distintos de diversidade funcional, para avaliar qudo distintos os
descritores em nivel de paisagem (cobertura florestal, densidade de borda e cobertura de
pastagem) afetam a biodiversidade florestal. Espera-se que a cobertura florestal tenha
maior contribuicdo sobre as mudancas na comunidade de escarabeineos. Como também,
que diferentes subgrupos e indices funcionais apresentam respostas distintas a diferentes
descritores de paisagem. Pretende-se submeter este trabalho a revista Biological

Conservation.

Capitulo III — Visando organizar o estado atual de conhecimento de besouros
escarabeincos a respeito das variaveis respostas utilizadas em estudos sobre a
modificacdo de habitat pelo homem em florestas tropicais e apontar caminhos para
aprimorar o uso das métricas, uma ampla revisdo de literatura baseada em 194 artigos
publicados de 1975 a 2018 foi incluida nesse trabalho. Os principais objetivos desse
capitulo foram: (1) Construir uma linha do tempo das publica¢des, bem como identificar
principais revistas cientificas e locais onde pesquisadores e trabalhos de campo estdo
concentrados; (2) Explorar os métodos que estdo sendo utilizados para obtencdo das

variaveis respostas e a porcentagem de contribuicdo de cada variavel para estudos de
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modificacdo de habitat (por exemplo, tamanho de fragmentos, efeitos de borda); (3)
Destacar principais resultados obtidos, acrescentando recomendagdes para obtencdo das
variaveis e apontando lacunas para futuras pesquisas. Pretende-se submeter este trabalho

arevista Ecological Indicators.
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Abstract. 1. Habitat loss represents one of the most pervasive threats to tropical forests.
As such, understanding the effects of forest cover loss (a proxy of habitat loss) on
biodiversity is strategic for conservation of biodiversity.

2. Dung beetles have been frequently adopted as indicators of forest changes, and by
analyzing their diversity it is possible to predict the trends of biodiversity which inhabit
threatened ecosystems tropical forests.

3. In the present study, we evaluated dung beetles sampled in 16 different landscapes
across two regions with different amount of forest cover in the Brazilian Atlantic Forest.
We evaluated the abundance, richness and species composition, functional groups, and
diversity numbers. We measured B-diversity across the landscapes, and decomposed into
turnover and nestedness components.

4. Our findings provide novel empirical evidence that species richness, abundance and
functional groups (i.e. coprophagous, necrophagous, generalists, tunnelers and rollers)
decreased with the decrease of forest cover. Furthermore, B-diversity increases in
landscapes with decreasing forest cover, promoting compositional differentiation between
landscapes.

5. Taken together, these results suggest that to preserve dung beetles and their key
functional roles in the ecosystem, conservation initiatives should promote the
conservation of forest cover in the current fragmented landscape of the neotropics.

Key-words: anthropocene, biodiversity, conservation, deforestation, human-modified
landscape, scarabaeinae.

Introduction

Habitat loss represents one of the main causes of biodiversity loss in tropical forest
(Bender et al., 1998; Brooks et al., 2002; Fahrig, 2013). Changes on patterns and
ecological processes due to habitat loss have been shown empirically by several studies
(e.g. Morante-Filho er al., 2015; Pessoa et al., 2016; Rocha-Santos et al., 2016;
Benchimol ef al., 2017). Therefore, understanding how biodiversity is affected by habitat
loss has been suggested as essential for developing effective conservation strategies are
required to safeguard tropical forest (Gardner ef al., 2009; Balmford et al., 2012; Barlow
etal., 2016).

Forest cover at the landscape scale have been considered a good proxy for habitat loss

due relationships observed between the amount of forest and species diversity (Fahrig,
21



2003; Pardini et al., 2010; Estavillo et al., 2013; Fahrig, 2013). Studies shown that the
reduction of forest cover has caused alterations in the local forest structure, leading to
early successional stages, such as an increase in the canopy openness and reduction in the
overall basal area (Rocha-Santos er al., 2016), negative effects over shade-tolerant
species (Laurence et al., 1998). Besides the decrease of taxonomic biodiversity, the
reduction of forest cover may act as a barrier in ecological communities, filtering specific

traits of the species and consequently jeopardizing ecosystem functioning (Hooper et al.,
2005; Flynn, 2009).

Dung beetles have been frequently adopted as indicators of forest changes, because of
their sensitivity to environmental changes (Spector, 2006; Gardner et al., 2008), stable
and well-defined taxonomy (Philips et al., 2004; Vaz de Mello et al., 2011), and good
cost-effectively of sampling when compared to other taxa (Larsen & Forsyth, 2005;
Gardner et al., 2008). The responses of dung beetle to ecosystem transformations may
help to predict health status of ecological communities (Favila & Halffter, 1997; Spector,
2006), presenting cues of biodiversity trends to forest loss. Besides, these insects are
particularly important for the maintenance of ecosystem functions and processes, because
they are linked to nutrient cycling, secondary seed dispersal, soil aeration and parasite
suppression (Nichols et al., 2008). Furthermore, is important to highlight that ecological
services performed by dung beetles are strictly dependent on functional properties, which
may be analyzed through resource-relocation behavior and diet preference (Slade et al.,

2007; Barragén et al., 2011).

The chronological land-use trajectory of Brazilian Atlantic Forest serves an excellent
model to examine how habitat loss can shape biodiversity. The Atlantic Forest is a mega-
diverse tropical forest (Myers et al., 2000; Silva & Tabarelli, 2000) and currently over
80% of the forest fragments are smaller than 50 ha and almost half of the remaining
forests are less from 100 m from its edge (Ribeiro er al., 2009). Studies encompassing
responses of dung beetle community structure towards habitat loss usually focus on
coarse diversity metrics (e.g. species richness, abundance, and diversity numbers)
(Almeida et al., 2011; Martello et al., 2016). The partition of 8 diversity into turnover and
nestedness components may shed light under ecological consequences of habitat loss that

are still poorly known (Filgueiras et al., 2016; Morante-Filho et al., 2016). Moreover,
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through ecological studies focusing on diversity of functional groups, it is possible to
analyze, at a finer scale, what are the sensible groups that are being filtered with the

processes of habitat loss.

Here, we evaluated the consequences of forest cover loss (a proxy of habitat loss) for
abundance, species composition, and diversity of dung beetles in the Brazilian Atlantic
Forest. Considering that native forested ecosystem encompasses diverse communities
within large portions of forest fragments (Laurance et al., 2002; Herrmann et al., 2005),
we predict that forest cover loss would decrease abundance, and diversity of dung beetles.
In addition, we expect that B-diversity is positively related to the decrease of forest cover,
promoting distinct community structure between landscapes with different levels of

deforestation (Laurance ef al., 2007; Arroyo-Rodriguez et al., 2013; Solar et al., 2015).

Material and methods

Study area

The study was conducted in the Atlantic Forest of southern region of Bahia state, which
is located in north-eastern Brazil (15°280 S, 39°150 W, WGSS84). This region is
dominated by Tropical Lowland Rainforest and it is located within the hot and humid
region without a distinct dry season (Af K&ppen classification), with mean annual
temperature of 24°C and ~2000 mm annual rainfall (Thomas et al., 1998). Land-use
changes were particularly severe within large tracts of previously continuous forests,
which were converted to small fragments of different successional stages and embedded
in a mosaic of different monocultures, such as cocoa plantations, rubber trees, and cattle

pastures (Pardini et al., 2009).

Sampling design and explanatory variables

We worked in two regions with landscapes presenting contrasting percentage of forest
cover: 1) High forest cover (HFC) landscapes with 40-100% of forest cover; and 2) Low
forest cover (LFC) landscapes with 3-63% of forest cover (Fig. 1). Both regions have
similar soil, topography and floristic composition (Thomas et al., 1998). The selection of
landscapes was based on high resolution satellite images (RapidEye® from 2009 to 2010,
QuickBird® and WorldView® from 2011). We mapped the landscapes by manually

digitizing land cover features as visually interpreted at a scale of 1:10.000, and polygons
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were classified as forest fragments and different land-uses (e.g. pasture and agriculture)
according to the Instituto Brasileiro de Geografia e Estatistica (IBGE, 2006) and using
ArcGIS 10.2 software (ESRI, 2011). After intensive ground-validation, we mapped the

forest fragments and land-uses within a study area of 3,500 km”.

The percentage of forest cover was calculated based forest fragments within a 1-km
radius from the center of each landscape, since it represents the longest movement
distance recorded for dung beetle species in Brazilian Atlantic Forest within a 48-h period
(Silva & Hernandez, 2015). The center of each landscape was preferably in forest
fragment with mature forest within the least degraded part and without any slash-and-
burn evidence. In each region, we selected 8 non-overlapping landscapes separated by at
least 1 km, to assure that each landscape represented independent dung beetle samples
(Silva & Hernandez, 2015) (Fig. 1). In the region of HFC had one landscape completely
covered by old growth forest that is included within one federally protected conservation

unit (Una Biological Reserve).
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Fig. 1. Map of the study area showing the spatial distribution of Atlantic Forest remnants in Bahia state,
Brazil. We show the location of region with higher forest cover (HFC), with 40 to 100% of remaining
forest cover, and the region with lower forest cover (LFC), with 3 to 63% of remaining forest cover. The
black dots indicate the landscape within each region.
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Dung beetle sampling

Dung beetles were sampled three times at each one of 16 landscapes during the rainy
season (April-June) in 2017. We used pitfall traps, which consisted of a plastic container
(15 cm in diameter and 13 cm in height) buried with an opening at ground level and with
a small recipient (3 cm in diameter by 4.8 cm in height) where fresh human feces or
decomposed meat were placed as bait (ca. 30 g of bait). Pitfalls were filled with ca. 250
ml of killer solution (saline solution with detergent) and were covered by a plastic lid to

protect sampled material from the rain.

We established three sets of pitfalls traps, spaced 100 m apart (Silva & Hernandez, 2015)
in the center of each landscape. Each set contained three pitfalls disposed at the vertices
of a 5-m equilateral triangle, each trap with a different bait-treatment (fresh human feces,
decomposed meat, or non-baited) that was randomly distributed within each pitfall set.
Traps were exposed in the field during 48h, and sampled dung beetles were taken to the
Applied Ecology and Conservation Lab at the Universidade Estadual de Santa Cruz
(UESC). Dung beetles were identified to species level when possible, and voucher
specimens were deposited in the entomological collections of the Laboratério de
Entomologia (UESC) and the Se¢do de Entomologia da Cole¢ao Zoologica, Universidade
Federal de Mato Grosso (UFMT), both in Brazil.

Dung beetle functional groups
We separated dung beetles according with their resource-relocation behaviour (tunneler,
rollers and dwellers) and diet preference (coprophagous, necrophagous or generalists).

See below for details.

RESOURCE-RELOCATION BEHAVIOUR: This attribute is related to dung manipulation for
feeding and reproduction (Halffter & Edmonds, 1982). Species were grouped as
tunnelers, rollers and dwellers. Tunneler species are those that dig tunnels in the soil
immediately under, or very close to the resource; rollers usually make resource balls and
roll them to some distance from the original dung patch; dwellers remain within the

resource patches (Halffter & Edmonds, 1982; Hanski & Cambefort, 1991).

DIET PREFERENCE: Following Beiroz et al. (2017), we considered dung beetle species as

coprophagous or necrophagous when > 75% of the individuals of a given species were
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sampled in dung- or meat-baited traps, respectively. Species with < 75% of their
individuals collected per bait type were classified as generalists. For species with less
than five individuals, we sought the advice of the Neotropical dung beetle specialist Dr.
Fernando Z. Vaz-de-Mello. We excluded all undefined species from the analyses. The
selected diets are commonly reported for Neotropical dung beetles (Hanski & Cambefort,
1991).

Statistical analysis

We used the coverage estimator recommended by Chao & Jost (2012) to estimate the
accuracy of inventories in each landscape, considering observed and expected species
richness, based on coverage-based extrapolations performed with the entropart package
in R software version 3.2.0 (R Core Team, 2017) to avoid any potential bias in our results
due to differences in sample coverage among landscapes. Sample coverage was
satisfactory in the landscapes (75-99 % of the species recorded), indicating that our

sampling effort was adequate.

To describe and analyze dung beetle diversity in each landscape, we used spatially
decomposed diversity, using alpha (Do) diversity (Jost, 2006). We considered the species
richness (OD) and Shannon diversity (1D) to evaluate the Da, through Hill numbers (Hill,
1973; Jost, 2006). Species richness does not consider the abundance of the species for
diversity analysis, while Shannon considers the relative abundance of each species. Da
was analyzed for each landscape and Da indicates the mean number of species richness,

'Da indicates the number of abundant species in the dung beetle community.

To understand the processes shaping the dung beetle community in the whole landscape
of the study, we decomposed B-diversity using Jaccard-dissimilarity (Dj) (Baselga, 2010;
Legendre, 2014). Dj represents the total B-diversity, and consists of species turnover,
which consider species replacement, and nestedness. We performed the decomposition of
B-diversity considering species composition of the dung beetle community. We
performed this analysis using Vegan and Betapart libraries in R software version 3.2.0 (R

Core Team, 2017).

To test whether the loss of forest cover affected dung beetle community, we performed

linear models to analyze Da (“Da and 'Da), p-diversity using Jaccard-dissimilarity (Dj),
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nestedness and turnover components of Dj. Generalized linear models (GLMs) with
Poisson error distributions for species richness and abundance (Crawley, 2013). Besides,
we also performed GLMs to evaluate the effect of forest cover loss on distribution of
functional groups (i.e. resource relocation behavior, diet preference) over dung beetle
community. The normality of residuals of the models was analyzed visually from normal
g-q plots, and the presence of outliers was evaluated through Cook’s distance, and
homogeneity of variances was tested with bptest (Hothorn et al., 2015). If the Poisson
GLMs presented overdispersion (Zuur et al., 2009), we used negative binomial
distribution. Outliers (Cook’s distance > 1) were excluded from the models; if excluding
outliers did not adjust the model, data were log transformed. Data were analyzed in R

software version 3.2.0 (R Core Team, 2017).

To a fine understanding of the species turnover process, as well as the similarity of dung
beetle community between landscapes, we performed Jaccard similarity index. We
conducted a similarity profile permutation (SIMPROF) to evaluate whether dung beetle
assemblages differed according to the landscapes. In addition, we performed a map for a
visual representation of beetle species occurrence in the each landscape. Jaccard
similarity index and SIMPROF were conducted in Primer software version 6.0 (Clarke &

Gorley, 2006).

Results

A total of 3,944 individuals from 16 genera and 37 species and were recorded in the
studied Atlantic Forest considering both regions (see Table S1 in supplementary
material). All community parameters that were significantly influenced by percentage of

forest cover presented a negative relation with the increase of forest loss (Table 1).

Table 1. Models exhibiting the effects of the percentage of forest cover on dung beetle community
parameters and functional groups. All the variables that were statistically related are in bold.

Percentage of forest cover (%)

Community parameters X*/F P R’

Total species richness X21‘14 =18.740 0.003 0.315
Total abundance X% 13 =16.170 <0.001 0.547
Total °D alpha Fi13=2.678 0.125 0.170
Total 'D alpha Fi13=0.006 0.936 <0.001
Jaccard beta diversity Fi14 = 4.620 0.049 0.259
Species nestedness Fi15=1.707 0.214 0.116
Species turnover Fy14=0.023 0.880 0.001

Functional groups
Diet preference
Coprophagous species richness X114 =17.394 0.008 0.297
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Percentage of forest cover (%)

Community parameters X*/F P R
Coprophagous abundance Xi14=15.024 0.296 0.398
Necrophagous species richness Xi.14=9.085 0.06 0.289
Necrophagous abundance X114 = 16.820 <0.001 0.365
Diet-generalist species richness X113 =3.4272 0.065 0.547
Diet-generalist abundance X114 = 18.258 0.003 0.455
Resource relocation behavior

Dweller species richness Xi14=10.814 0.328 0.099
Dweller abundance Xi.14=2.320 0.358 0.024
Roller species richness Xi14=17.774 0.157 0.136
Roller abundance X114 =6.748 <0.001 0.390
Tunneler species richness X113 =9.923 0.466 0.268
Tunneler abundance X114 =2.286 0.038 0.234

Species richness and abundance of dung beetles were affected by the loss of forest cover

(Fig. 2). However, Do based on species richness (*Da) and Shannon diversity ('Da) were

not significantly related to the loss of forest cover. The species richness of coprophagous,

abundance of necrophagous and diet-generalists dung beetles were negatively affected by

the loss of forest cover (Fig. 2). Abundance of coprophagous and species richness of

necrophagous and diet-generalists were not significantly affected by the percentage of

forest cover. According to the resource relocation behavior, abundance of rollers and

tunnelers presented a significant relation with the loss of forest cover. Species richness

and abundance of dweller beetles, as well as species richness of roller and tunneler

beetles were not significantly related to the percentage of forest cover.

Total species richness

Total abundance

Coprophagous species richness

P=0003, R2=0315

Necrophag

P=0008, R2= 0297

50 7 100 [) 2
9% Forest cover

Generalist abundance

50 7
% Forest cover

100 [ %

50 7 100 [
% Forest cover

P<0001; R2= 0390

[3 25 50 75 100 [3 2 50
% Forest cover % Forest cover

50 7
% Forest cover

Fig. 2. Influence of percentage of forest cover at landscape scale on dung beetle: total species richness, total
abundance and functional groups (i.e. coprophagous, necrophagous, generalists; rollers and tunnelers) in
Atlantic Forest, Bahia, Brazil. Only significant relations with the percentage of forest cover were presented.
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There was a negative relation between forest cover and B-diversity (Table 1). The lowest
value (B= 0.70) was observed in the landscapes with highest forest cover, while the
highest values (B= 0.95) were observed in landscapes with low forest cover (19% and
30%). The beta diversity of the landscape was mainly affected by species turnover than
by species nestedness (Bturnover= 0.932; Bnestedness= 0.068). When decomposing beta
diversity of each landscape, neither Bturnover or Bnestedness were significantly related

to the percentage of forest cover (Table 1).

According to SIMPROF and Jaccard similarity index, the dung beetle assemblages were
segregated in three significantly distinct groups (p< 0.05), according to the landscape
(Fig. 3). One of the clusters with highest similarity (37%) was composed by seven
landscapes, encompassing areas with more than 39% of forest cover, as well as the most
conserved site (Una Biological Reserve — 100% of forest cover). The two other clusters
grouped five and three landscapes, presenting 37 and 25% of similarity, respectively.
Such clusters encompassed landscapes with contrasting percentage of forest cover,
ranging between 18 and 62% of forest cover in the cluster with 37% of similarity, and

ranging between 2 and 62% of forest cover in the cluster with 25% of similarity.

Dung beetle clustered eight significantly distinct groups, based on species distribution
(Fig. 3). Three clusters were composed by species with narrow distribution, which were
recorded in only one or two of the 16 landscapes (Canthon staigi, Canthon prasinus and
Canthidium sp6 clustered with 50% of similarity; Uroxys spl and Canthidium sp2
clustered with 50% of similarity; Canthidium sp9, Ateuchus voluxemi and Dichotomius
depressicolis clustered with 100% of similarity). One cluster was composed by species
with wide distribution, and each species was recorded in >50% of landscapes
(Deltochilum aff. calcaratum, Ateuchus vigilans, Dichotomius iannuzzae, Coprophanaeus
dardanus, Ateuchus oblongus, Canthonella silphoides, clustered with 57% of similarity).
Two clusters were composed by species distributed mainly in landscapes with high
percentage of forest cover (>45%). Such clusters were composed by Onthophagus
haemotopus, Canthidium sp4, Phanaeus splendidulus, Canthidium flavipes (clustered
with 33% of similarity); and Holocephalus sculptus, Deltochilum brasiliensis,
Deltochilum spl, Anomiopus spl, Dichotomius mormon, Anomiopus sp2 and

Paracanthon spl (clustered with 14% of similarity).
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Fig. 3. Dendrogram clustering dung beetles, according to Jaccard similarity index and map of occurrence to
dung beetles species recorded in the landscapes of Atlantic Forest, Bahia, Brazil. Solid lines represent
statistical differences between groups, based on SIMPROF analyses (p< 0.05). Numbers represent the
percentage of forest cover of each landscape.

Discussion

Dung beetles are an excellent model to understand the effects of habitat transformation
over biodiversity (Halffter & Favila, 1993; Gardner et al., 2008b). We found that the
process of forest cover loss in Neotropical rainforests affect different subgroups of dung
beetle and generates a more heterogeneous community. Coprophagous, necrophagous and
diet-generalist beetles have their communities negatively affected by the decrease of
forest cover. Likewise, roller and tunneler dung beetles were negatively affected the loss
of forest cover. The simplification of functional groups is one of the consequences of the
habitat loss and forest fragmentation, a representative scenario that is disseminated
throughout the landscapes of the Anthropocene (Girdo et al., 2007; Santos et al., 2008;
Sattler et al., 2010). Forest disturbance in the tropics negatively affects dung beetle
diversity (Nichols et al., 2007; Gardner et al., 2008), what may also erodes its ecological
diversity. Dung beetle diversity is driven by the availability of different food types, and
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habitats high species richness are related to a high diversity of mammal species, the main
food providers for these insects (Andresen & Laurence, 2007; Culot et al., 2013; Nichols
et al., 2013). In the same way, dung beetle abundance is related to the food availability,
and habitats with higher food amount may hold abundant beetle communities (Nichols et
al., 2009). Therefore, our results give cues that with forest loss there is a decline in food

diversity and availability for diet-specific and diet-generalist dung beetles.

In addition, the decrease of beetle abundance based on resource removal strategies is
surprising, considering that both rollers and tunnelers were negatively affected by forest
loss. Usually, rollers and tunnelers present contrasting results to forest structure, or there
is a clear response of one of them to habitat transformation (Lumaret & Kirk, 1987; Krell
et al., 2003; Barragan et al., 2011). Our results prove that in Atlantic Forest, the loss of
forest cover is affecting the whole dung beetle community, reducing ecological diversity.
This is in accordance to other literature data that points the habitat loss and fragmentation
as effects that drastically reduces the biodiversity of the dung beetle communities (Klein,
1989; Estrada et al., 1998; Nichols et al., 2007). With the decrease and extinction of
determined functional groups, ecosystem functions (e.g. nutrient cycling, seed dispersal,
parasite control) related with primary functions of dung beetles (dung burial and removal)

will be drastically reduced.

The increase of forest cover was a significantly related to the decrease in B-diversity.
Contrasting and heterogeneous communities’ results in elevated beta diversity, as a
consequence of the turnover in species composition and species abundances (Wilson &
Shmida, 1984; Harbone et al., 2006; Melo et al., 2009). Tropical forests are diverse
ecosystems, and more conserved environments are related to higher microclimatic
conditions and dung beetle species richness, as a consequence of the wide food supply
(Estrada et al., 1999; Fleury & Galetti, 2006; Nichols et al., 2007). Although there is a
higher alpha diversity in more forested landscapes, our data suggests that dung beetle
community has a higher evenness in this environment. Ecosystems with a more
heterogeneous landscape may favor the occurrence of species with different habitat
requirements, increasing the p-diversity. Previous studies present the same pattern
observed in this study (Didham et al., 1998; Filgueiras et al., 2019), suggesting that the

lower B-diversity is related to more conserved tropical forests. Therefore, we suggest that
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future studies carefully evaluate the mean of high values of B-diversity, since it may

represent disturbed environmental conditions in tropical landscapes.

Landscapes with higher forest cover sustained dung beetle community with species that
were absent from the more disturbed areas. Based on the SIMPROF results, two clusters
with a total of 11 species (ca. 30 % of total species richness of the study) were mostly
observed in conserved areas. Such species belonged to eight genera, which present
contrasting functional groups, as diet and resource relocation behavior (Halffter &
Matthews, 1966; Hanski & Cambefort, 1991; Scholtz et al., 2009). Although there is a
relevant number of studies regarding how environmental parameters may filter
determined traits in ecological communities (Coelho et al., 2018; Ulrich et al., 2018a, b),
in the fragmented landscape of the Atlantic forest this knowledge is still incipient.
However, with the decrease in diversity of functional groups in the landscapes with
reduced forest cover, there is a lower resilience against negative consequences of

environmental change (Loreau, 2004; Hooper et al., 2005; Fischer, 2006).

This work provides a baseline for the effects of forest loss over dung beetle ecological
diversity in the Atlantic Forest, one of the main global hotspots for biological
conservation (Myers et al., 2000). As a consequence of the decrease of forest cover, the
loss of species from distinct functional groups provides signals that deforestation does not
filter dung beetle of specific groups, and negatively affects the whole community. Based
on our results, the increase of forest cover seems to be the crucial parameter to recover

the ecological diversity of key insects, as the dung beetles.
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Supporting Information

Table S1. List of dung beetle species, as well as resource-relocation behavior, diet preference and total abundance, sampled in
fragmented forests in the Atlantic forest, northeastern Brazil.

Species Relocation behavior Diet preference Abundance

Anomiopus sp.1 Tunneler Undefined 1
Anomiopus sp.2 Tunneler Undefined 1
Aphengium curtum Silva & Vaz-de-Mello 2015 Tunneler Generalist 8
Ateuchus oblongum (Harold, 1883) Tunneler Generalist 205
Ateuchus vigilans (Van Lansberge, 1874) Tunneler Coprophagous 19
Ateuchusvolxemi (Borre, 1886) Tunneler Undefined 3
Canthidium flavipesHarold, 1867 Tunneler Generalist 78
Canthidium sp.1 Tunneler Generalist 14
Canthidium sp.2 Tunneler Undefined 1
Canthidium sp.3 Tunneler Coprophagous 98
Canthidium sp.4 Tunneler Coprophagous 101
Canthidium sp.5 Tunneler Coprophagous 56
Canthidium sp.6 Tunneler Coprophagous 10
Canthidium sp.7 Tunneler Undefined 2
Canthidium sp.8 Tunneler Undefined 1
Canthidium sp.9 Tunneler Undefined 1
Canthon nigripennis Van Lansberge, 1874 Roller Necrophagous 10
Canthon prasinusKlug, 1833 Roller Necrophagous 9
Canthon sp.1 Roller Undefined 2
Canthon staigi(Pereira, 1953) Roller Necrophagous 38
Canthonella silphoidesHarold, 1867 Roller Generalist 1470
Coprophanaeus bellicosus (Olivier, 1789) Tunneler Necrophagous 43
Coprophanaeus dardanus(MacLeay, 1819) Tunneler Necrophagous 147
Deltochilum brasiliense (Castelnau, 1840) Roller Necrophagous 16
Deltochilum prox. calcaratumBates, 1870 Roller Necrophagous 40
Deltochilum sp.1 Roller Undefined 1
Dichotomius depressicollis (Harold, 1867) Tunneler Undefined 1
Dichotomius iannuzziae Valois, Vaz-de-Mello & Silva 2017 Tunneler Generalist 914
Dichotomius irrinus (Harold, 1867) Tunneler Generalist 303
Dichotomius mormon Ljungh, 1799 Tunneler Undefined 2
Eurysternus nanus Génier, 2009 Dweller Generalist 10
Eutrichillum hirsutum (Boucomont, 1928) Dweller Necrophagous 24
Holocephalus sculptus (Gillet, 1907) Tunneler Undefined 3
Onthophagus haematopus Harold 1875 Tunneler Coprophagous 300
Paracanthon sp.1 Roller Undefined 2
Phanaeus splendidulus (Fabricius, 1781) Tunneler Undefined 5
Uroxys sp.1 Tunneler Undefined 5
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ABSTRACT

Habitat loss is classified as most pervasive threats to biodiversity worldwide. As such, identifying as
drivers are shaping biological communities in fragmented tropical landscapes is crucial for enhancing
conservation strategies. We address this using a hybrid patch-landscape approach design and a multimodel
inference approach to test the relative impact of forest loss and increase de edge density and pasture cover
on different functional traits of dung beetles in the Atlantic Forest, Brazil. Our findings provide novel
empirical evidence that edge density was the most important explanatory variable to changes in the dung
beetles communities when compared to forest and pasture cover at landscape scale. However, both forest
and pasture cover also significantly influenced many of the dung beetle responses, supporting the idea that
biological communities are negatively affected by habitat loss and fragmentation. Contrary to expectations,
we found that dung beetle body size, protibia area and metatibia length was unexpectedly higher in
landscapes with increase edge density, reinforces the need for studies to better understand which
mechanisms could favor the presence of larger dung beetles in tropical human-modified landscapes. Taken
together, these results suggest the need of conservation and management strategies focused on the
protection of the remaining Atlantic Forest fragments, and the promotion the forest recovery and reduction
in the pasture cover and edge density at the landscape-level.

Keywords: Anthropogenic edge, Forest Cover, Invertebrate, Land-use, Matrices, Tropical Forest.

1. Introduction

Habitat loss represents one of major threats to tropical biodiversity, altering species
distribution and weakening ecosystem functionality (Cardinale et al., 2012; Pimm and
Raven, 2000). Reduction in available native core habitat, modifications in the forest
microclimate (Didham and Lawton, 1999) and in the vegetation structure (Laurance et al.,
2006) are the main suggested pathways by which fragmentation can affect species
persistence and community structure (Didham et al., 1998). Given that around 70% of the
world’s remaining forests are within 1 km or less from an anthropogenic edge (Haddad et
al., 2015), understanding the underlying drivers of biodiversity in fragmented landscapes
is crucial for enhancing conservation strategies (Balmford et al., 2012; Gardner et al.,

2009).
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The historical and current land-use trajectory of Brazilian Atlantic Forest offers an
excellent opportunity to examine how habitat loss and fragmentation can shape tropical
biodiversity. This forest hotspot is one of the most diverse ecosystems in the world
(Myers et al., 2000; Silva and Tabarelli, 2000), and has experienced high deforestation
rates since the 16™ century (Tabarelli et al., 2010). Currently, over 80% of the forest
fragments are < 50 ha and almost half of the remaining forests are < 100 m from its edge
(Ribeiro et al., 2009). In particular, deforestation and fragmentation of the Atlantic forest
led to profound changes in faunal richness (Filgueiras et al., 2011), species composition
(Campos and Hernandez, 2015), biomass (Filgueiras et al., 2015), and functional and
phylogenetic diversity (Audino et al., 2014; Morante-Filho et al., 2017). These biological
changes are more alarming when involving the loss of species and further cascade
extinctions that can bring severe ecological implications (Eklof and Ebenman, 2006; Koh
et al., 2004). For example, mammal extinctions are expected to negatively influence dung
beetles (Raine et al., 2018), and reported co-declines in mammal and dung beetle
communities (Nichols et al., 2009) are, therefore, likely to result in cascade effects for

dung beetle-mediated ecological processes (Culot et al., 2013; Nichols et al., 2013).

Dung beetles (Coleoptera: Scarabaeinae) are considered as a responsive and cost-
effective model system for evaluating the impacts from human activities on tropical
ecosystems (Gardner et al., 2010; Larsen et al., 2005; Nichols et al., 2007), and have been
widely used to assess the impacts from habitat loss and fragmentation (Audino et al.,
2017; Gardner et al., 2008). These detritivore insects also perform several key ecological
processes associated with the nutrient cycling, improvement of physical and chemical
properties of soil, parasite suppression and secondary seed dispersion (Nichols et al.,
2007; 2008). The ecological functions provided by dung beetles and their sensitivity to
environmental changes have been shown to be influenced by a set of functional traits
such as resource-relocation behaviour, body size, and diet and habitat preference
(Barragan et al., 2011; Gardner et al., 2008; Leite et al., 2018; Nichols et al., 2009).
While larger dung beetle species are expected to relocate more soil and dung (Carvalho et
al., 2018; Gregory et al., 2015), dung beetle resource-relocation behaviours has been
shown to influence the efficiency secondary seed dispersal. The horizontal movement
promoted by roller species, for example, may decrease the probability of density-

dependent seed or seedling mortality (Lawson et al., 2012) and the vertical burial by
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tunnelers can provide a better microenvironment for seed germination (Andresen, 2001;
Andresen and Levey, 2004). The combined effect of the dwellers and tunnelers can also
stimulate soil microbial activity (Menéndez et al., 2016), increasing the concentration of

foliar nutrients (Santos-Heredia et al., 2016).

Although dung beetles have been extensively used to evaluate the impacts of human
activities on forest biodiversity (Beiroz et al., 2018; Franga et al., 2016a), few studies
have evaluated how the contribution of different landscape descriptors may vary for
different dung beetle functional groups. Previous research shows that smaller and isolated
fragments have impoverished communities (Filgueiras et al., 2011), but appear to serve as
refuges for some forest species and at the same time provide habitat for pasture species
(Arellano et al., 2008). It has also been found that forest cover loss affect dung beetle
groups according to their habitat preference (Leite et al., 2018). Yet, these studies do not
consider morphological traits and/or functional diversity indices that may advance our
understanding on how biodiversity respond to environmental changes (McGill et al.,
2006). In addition, when landscape descriptors (e.g. patch size and shape, distance among
fragments and forest cover) have been used to explain changes in dung beetle
communities (Campos and Hernandez, 2015; Costa et al., 2013; Filgueiras et al., 2011),
these were analyzed individually and/or at a patch scale (but see Filgueiras et al., 2015;

Sanchez-de-Jests et al., 2015) or for other type of forests (Arellano et al., 2008).

Here, we address these knowledge gaps by evaluating the consequences of the Atlantic
forest loss and fragmentation for dung beetles. We surveyed 16 landscapes and separated
beetle species into subgroups based on different traits (e.g. resource-relocation behavior,
diet preference, morphological traits), which were also considered to calculate distinct
functional diversity indices, to assess how distinct landscape-level descriptors (forest
cover, edge density and pasture cover) affect forest biodiversity. We ask the following
questions: (1) Does forest cover contribute more than edge density and pasture cover for
changes in dung beetle communities? (2) How these landscape predictors affect different
dung beetle functional groups and functional diversity? We expected forest cover to drive
the most pervasive effects on dung beetle responses, as previous research highlights its
importance when compared to other landscape metrics (Fahrig, 2003; 2013; Nichols et

al., 2007; Pardini et al., 2010). We also expected that distinct dung beetle subgroups,
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community metrics and functional indices to respond differently to distinct landscape
descriptors (Beiroz et al., 2017; Martello et al., 2016). Taken together, our analyses
provide a quantitative understanding of the landscape spatial attributes that affect of the
persistence and loss of dung beetle communities in one of the most species-rich tropical
forests and can provide a basis for predicting the biological consequences of future

deforestation on other tropical regions.

2. Methods

2.1 Study area

The study was conducted in the southern region of Bahia state, north-eastern Brazil
(15°2808S, 39°150W, WGS84). This region is hot and humid region without a distinct dry
season (Af Koppen classification), with mean annual temperature and rainfall of 24°C and
ca. 2000 mm, respectively and dominated by tropical lowland rainforest (Thomas et al.,
1998). Land use changes were particularly severe within large tracts of previously
continuous forests, which were converted to small fragments in different succession
stages and embedded within a mosaic of different monocultures such as cocoa

plantations, rubber trees, and cattle pastures (Pardini et al., 2009).

2.2 Sampling design and explanatory variables

We selected 16 non-overlapping sampling landscapes (Figure 1) based on a hybrid patch-
landscape approach (Tischendorf and Fahrig, 2000). The selection of landscapes was
based on high resolution satellite images (RapidEye® from 2009 to 2010, QuickBird®
and WorldView® from 2011). We mapped the landscapes by manually digitizing land
cover features as visually interpreted at a scale of 1:10.000, and polygons were classified
as forest fragments and different land-uses (e.g. pasture and agriculture) according to the
Instituto Brasileiro de Geografia e Estatistica (IBGE, 2006) and using ArcGIS 10.2
software (ESRI, 2011). After intensive ground-validation, we mapped the forest

fragments and land-uses within a study area of 3,500 km®.

The percentage of forest cover (FC) was calculated based forest fragments within a 1-km
radius from the center of each landscape and forest cover varied from 3 to100%. The
landscape completely covered by old growth forest and with absence of edge density and
pasture cover is included within one federally protected conservation unit (Una

Biological Reserve), while other landscapes are located within private properties. We
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used scale of 1-km because it represents the longest movement distance recorded for
dung beetle species in Atlantic Forest within a 48-h period (Silva and Hernandez, 2015).
The center of each landscape was selected preferably in forest fragment with mature
forest within the least degraded part and without any slash-and-burn evidence. The
landscapes were separated by at least 1-km to assure that each landscape represented

independent dung beetle samples (Silva and Hernandez, 2015).

Figure 1.

2.3 Dung beetle sampling

Dung beetles were sampled three times at each of the 16 landscapes during the rainy
season (April-June) in 2017. We used pitfall traps, which consisted of a plastic container
(15 cm in diameter and 13 cm in height) buried with an opening at ground level and with
a small recipient (3 cm in diameter by 4.8 cm in height) where human feces or
decomposed meat were placed as bait (ca. 30 g of bait). Pitfalls were filled with ca. 250
ml of a killer solution (saline solution with detergent) and were covered by plastic lid to

protect sampled material from the rain.

We established three sets of pitfalls, spaced 100 m apart (Silva and Hernandez, 2015) in
the center of each landscape. Each set contained three pitfalls disposed at the vertices of a
5-m equilateral triangle, each trap with a different bait-treatment (fresh human feces, or
decomposed meat, or non-baited) that was randomly distributed within each pitfall set.
Traps were exposed in the field for 48h, and sampled dung beetles were taken to the
Applied Ecology and Conservation Lab at the Universidade Estadual de Santa Cruz
(UESC). Dung beetles were identified to species level, whenever possible. Voucher
specimens were deposited in the entomological collections of the Laboratério de
Entomologia (UESC) and the Secdo de Entomologia da Colegdo Zoologica, Universidade
Federal de Mato Grosso, Cuiaba, both in Brazil.

2.4 Dung beetles functional groups
We classified dung beetles according to functional groups in resource-relocation
behavior, diet preference and morphological traits, which were also used for estimating

functional diversity metrics. See below for details.
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RESOURCE-RELOCATION BEHAVIOUR: This attribute is related to dung manipulation for
feeding and reproduction (Halffter and Edmonds, 1982). Species were grouped as
tunnelers, rollers and dwellers. Tunneler species are those that dig tunnels in the soil
immediately under or very close to the resource, whereas rollers usually make resource
balls and roll them to some distance from the original dung patch and dwellers remain

within the resource deposits (Halffter and Edmonds, 1982; Hanski and Cambefort, 1991)

DIET PREFERENCE: Following Beiroz et al. (2017), we considered dung beetles species as
coprophagous and necrophagous when > 75% of the individuals of a given species was
sampled in dung- or meat-baited traps, respectively; and as generalists those species with
lower percentages. For species with less than five individuals, we sought the advice of the
Neotropical dung beetle specialist Dr. Fernando Z. Vaz-de-Mello. We excluded all
undefined species from the analyses. The selected diets are commonly reported for

Neotropical dung beetles (Hanski and Cambefort, 1991).

MORPHOLOGICAL TRAITS: We examined morphological traits relevant to soil excavation
and dung burial activities (Nichols et al., 2008; Petchey and Gaston, 2006). We used a
Leica M250 microscope and Life Measurement software (Leica, Wetzlar, Germany) to
measure the body size (sum of pronotum and elytra length), protibia area, and metatibia
lenght of a maximum of 30 individuals to abundant species captured in the study (N total

= 1450, see Griffiths et al., 2016a).

FUNCTIONAL DIVERSITY METRICS: We used the FD package (Laliberté et al., 2012) in R
(R Core Team 2017) to calculate four functional metrics: Functional richness (FRic),
Functional evenness (FEve), (3) Functional divergence (FDiv) and Functional dispersion
(FDis). See Villéger et al. (2008) and Lalibert¢ and Legendre (2010) for description of
each of these metrics, which considered dung beetle resource-relocation behaviour
(roller, tunneler, or dweller), diet preference (coprophagous, necrophagous or generalists)
and morphological traits (body size and mass and adjusted-metatibia length) during the
calculation. Following Griffiths et al. (2015), we opted to divide the protibia area and
metatibia length by the body size of the same individual (body size-adjusted traits)
because these were co-related traits (Cadotte et al., 2011; Naeem and Wright, 2003); and

used trait’s medians rather than means because their distribution did not follow a normal
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curve (Griffiths et al., 2015). All traits were given equal weighting and species were

weighted by their relative abundance for the calculation of each of the functional indices.

2.5 Statistical analyses
All statistical analyses were performed in the software R (R Core Team, 2017). We used
the coverage estimator recommended by Chao and Jost (2012) to estimate the accuracy of

inventories:

Eq. 1

where f; and f, are the number of species represented by one and two individuals,
respectively, and # is the total number of individuals in the sample. We considered not
only the observed values of species richness, but also the expected values based on
coverage-based extrapolations performed with the entropart package (Marcon and
Hérault, 2015). We estimated the variance inflation factor (VIF) using the car package
(Fox and Weisberg, 2011) to assess collinearity among explanatory variables. Values of

VIF should be < 2.5 in order to avoid the collinearity effect (Zuur et al., 2009).

We performed a hierarchical partitioning analysis (HP) to computes the independent
contribution of each explanatory variable in order to assess their relative importance
(Mac Nally, 2000; Murray and Conner, 2009). Competing models were evaluated based
on R” goodness of fit statistic, which allowed us to interpret the independent effects as
proportion of explained variance. Significance (o = 0.05) of independent effects of each
predictor was calculated using a randomization test with 1000 interactions (Mac Nally,
2002; Walsh and Nally, 2013). To assess the effects of the explanatory variables (forest
cover, edge density and pasture cover) on the response variables (second question), we
used an information-theoretic approach based on the selection of the most parsimonious
models (Burnham and Anderson, 2002) using the MuMIn package (Barton, 2017). For
each response metric, we built full models representing all combinations of explanatory
variables. For each model, we computed the Akaike’s information criterion corrected for
small samples (AICc) and selected the most parsimonious models (AAICc < 4 when
compared to the best model; Burnham & Anderson 2002). From the complete set of
possible models, we averaged coefficients of models within AAICc < 4, thus capturing

greater uncertainty in the final set of candidate variables (Vierling et al., 2013).
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We fixed a Gaussian distribution for continuous response variables (e.g. functional
richness) after verifying for normality using the function shapiro.test from stats package
(R Core Team, 2017); and used Poisson distribution, corrected for over-dispersion if
required, when response variables did not follow a normal distribution (Zuur et al., 2009).
We assessed the distribution suitability and model fit through residual analysis, and
semivariograms were checked to detect any spatial correlation trends (Crawley, 2012;
Diggle and Ribeiro, 2007). For better interpreting our results, we constructed heatmap
using ggplot2 package (R Core Team, 2017) with rank-abundance normalized to see

differences in species’ dominance and rarity among study sites.

3. Results

We sampled 3944 dung beetles from 16 genera and 37 species in the 16 landscapes (see
Table S1 in supplementary material). Sample coverage was high in all landscapes (75-
99% of the species recorded), indicating that our sampling effort was adequate.
Landscape metrics were not correlated (VIF < 2.5), which allowed us to independently

evaluate their effects on dung beetle communities.

Overall, edge density was the most important explanatory variable (accounting for 48%
of the explanation and nine contributions with significant effects, a = 0.05), followed by
forest cover (26%) and pasture cover (26%). We also found edge density influencing all
subgroups of dung beetle when considering the independent contribution from each
explanatory variable in complete models that showed the highest percentage of explained
deviance (Figure 2). Addressing our second question, distinct dung beetle responses were

affected by different sets of explanatory variables (Table 1).

Figure 2.

RESOURCE-RELOCATION BEHAVIOUR — Model selection revealed strong support for the
influence of edge density and pasture cover for all resource-relocation behaviours, and
from forest cover on roller species (Table 1, Figure 3). We found that tunneler abundance
and richness declined with increase of pasture cover and edge density (e.g. Uroxys sp.1,
Holocephalus sculptus and Canthidium flavipes; Figure S2). Abundance of roller dung
beetles declined in landscapes with lower forest cover (e.g. Canthon staigi and Canthon
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prasinus; Figure S2), and when the interaction of larger edges and pasture (ED + PC) was
present. Model selection supported the importance of edge density and pasture cover for
dweller species, which had reduced abundances in landscapes with higher edge densities

and pasture cover (e.g. Eutrichilum hirsutum).

Table 1.

DIET PREFERENCE — Forest cover had a strong influence on all diet-based dung beetle
groups (Table 1, Figure 3). The abundance of coprophagous beetles declined with
increased edge density and pasture cover at landscape-level, while their richness declined
with increase of edge density increased with forest cover (e.g. Phanaeus splendidulus,
Onthophagus haemotopus and Dichotomius depressicolis). We found necrophagous
abundance and richness declining with forest loss and increases in pasture cover,
respectively (e.g. FEutrichilum hirsutum and Canthon prasinus). The abundance of
generalist beetles was positively affected by the amount of forest cover (e.g. Canthidium

flavipes and Ateuchus voluxemi).

MORPHOLOGICAL TRAITS — We found strong support for the influence from edge density
on all examined traits, while body size and protibia area were affected by pasture cover,
and protibia area by forest cover (Table 1, Figure 3). Dung beetle body size was
unexpectedly higher in landscapes with increase edge density (e.g. Deltochilum prox.
calcaratum), and when the interaction of larger edges and pasture (ED + PC) was present.
Landscapes with greater edge density also had species with higher protibia area, which
was also positively related with the interaction of larger edges and pasture (ED + PC) and
negatively related with the interaction of larger edges and forest cover (ED + FC). Lastly,

landscapes presenting more edge density also had species with higher metatibia length.

FUNCTIONAL DIVERSITY INDICES — We found no evidence of functional diversity being

affected by any of the landscape descriptors.

Figure 3.

4. Discussion
This study contributes to our understanding on the drivers of change in dung beetle
communities within fragmented tropical landscapes. Two findings deserve special
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attention. First, in a broader perspective, changes in the dung beetle community structure
were strongly influenced by edge effects rather than by forest and pasture cover at the
landscape scale. Second, all measured landscape attributes played a role in determining
the dung beetle responses, supporting the idea that biological communities are negatively

affected by some landscape attributes in the Brazilian Atlantic Forest.

THE RELATIVE IMPORTANCE OF LANDSCAPE ATTRIBUTES: Our results strongly support
the notion that edge density at landscape scale is an important determinant of changes in
dung beetle communities in the Brazilian Atlantic Forest. This finding contributes to
previous evidence demonstrating the negative edge effects on dung beetle abundance,
richness, species composition and body conditions (Filgueiras et al., 2015; 2016; Martello

et al., 2016; Salomao and lannuzzi, 2017; Spector and Ayzama, 2003).

The decline in dung beetle groups due to the effects of forest loss and increased edge
density and pasture cover might be explained by two non-exclusive hypotheses: (1)
changes in the vegetation structure (Gardner et al., 2010; Hanski and Camberfort, 1991;
Halffter and Arellano, 2002; Nichols et al.,, 2007) and (2) lack of vertebrate dung
resources (Andresen and Laurance, 2007; Barlow et al., 2010; Bogoni et al., 2016).
Previous research in the same region have revealed that forest remnants in more
deforested landscapes shows early successional attributes and increased canopy openness
(Rocha-Santos et al., 2016), and dung beetles are known for their high sensitivity to even
small changes in forest structure (Silva and Hernandez, 2016) and low-level forest
disturbances (Bicknell et al., 2014). In addition, medium and large-sized mammals — the
main providers of resource for dung beetles (Halffter and Matthews, 1966) — had been
locally extinct in the most of Atlantic Forest fragments (Canale et al., 2012), while the
open matrix at this region also may acts as a barrier for primate movement (Estrada et al.,
1999). However, not all dung beetles were negatively affected by fragmentation, as we
also found species with higher abundances in landscapes with increased edge density and
pasture cover (e.g. Canthidium sp.3 and Canthidium sp.5). These species are likely to be
matrix- or even edge-specialists (Filgueiras et al., 2015; Peyras et al., 2013; Scheffler,

2005).

RESOURCE-RELOCATION BEHAVIOURS: Our results demonstrated that all resource-

relocation groups were negatively affected by increase of edge density, and that pasture
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cover and forest loss had negative effects particularly on roller beetles, reinforcing the
negative ecological impacts from habitat loss and fragmentation (Barlow et al., 2010;

Escobar, 2004; Gardner et al., 2008; Martello et al., 2016).

The different resource-relocation behaviour in dung beetles is considered as a strategy to
facilitate species coexistence (Hanski and Cambefort, 1991) through coping with the rates
of dung dissection and reducing competition for food resources — which are key factors
influencing the survivorship of tropical dung beetles (Halffter and Edmonds, 1982).
Forest fragments usually have increased canopy openness (see Arroyo-Rodriguez et al.,
2013; Rocha-Santos et al., 2016), and microclimatic changes caused by higher light
incidence and decreased soil humidity can be limiting factors for adult and larvae beetles,
which depend of ephemeral resources that become unusable when desiccated (Peck and
Forsyth, 1982; Sowig, 1995). Larvae of roller species are more prone to suffer with soil
desiccation because these beetles usually dig shallower nests (Davis et al., 2010; Hanski

and Cambefort, 1991; Osberg et al., 1993).

Resource scarcity is likely to create a competitive hierarchy for dung beetle resource-
relocation behaviours, in which rollers and fast tunnelers are stronger competitors than
slow tunnelers, which are then followed by dweller species (Halffter and Edmonds, 1982;
Hanski and Cambefort, 1991; Scholtz et al., 2009). This hierarchy (rollers > tunnelers >
dwellers) is combined with increasing energetic costs (Krell et al., 2003), where stronger
competitors such as roller beetles need more energy and, consequently, more resources
(Krell et al., 2003; Halffter and Edmonds, 1982). The relocation and use of energy
reserves to roll the food resource away in a short time span may therefore cause a
reduction in individual fitness — mainly when food resources are scarce — through
affecting beetles’ physiological integrity (Franca et al., 2016a; Salomao et al., 2018),
immune system and reproduction (Cotter et al., 2007; Halffter and Edmonds, 1982; Van
Praet et al., 2014).

DIET PREFERENCE: We found the abundance and richness of necrophagous and
coprophagous beetles decreasing in landscapes with higher values of forest loss, edge
densities and pasture cover, while more generalist beetle individuals were sampled in

landscapes with more forest cover. Dung beetles’ diet preference can be influenced by
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different resource characteristics such as the physical and chemical characteristics
(Gittings and Giller, 1998), shape (Gordon and Cartwright, 1974), water and/or fibre
content (Verdu and Galante, 2004; Arellano et al., 2015), size (Peck and Howden, 1984),
and nutritional value (Verdi and Galante, 2004; Arellano et al., 2015). Irrespective of
their diet preference and resource characteristics, our results are probably related to the
fact that landscapes with higher forest cover sustain greater environmental and resource
heterogeneity, thus supporting more dung beetle species and individuals (Morante-Filho
et al.,, 2016; Navarrete and Halffter, 2008; Tscharntke et al., 2012). In addition,
landscapes dominated by pasturelands are also more likely to have herbivores dung
(Steinfeld et al., 2006), affecting negatively necrophagous dung beetles, which compete
with others insect groups for carcasses (Jong and Chadwick, 1999; Mohamed and
Mashaly, 2017), a less frequent and spatially and temporally limited resource (Halffter
and Matthews, 1966).

MORPHOLOGICAL TRAITS: Overall, it has been shown that dung beetles decrease in body
size and within tropical disturbed forests (Franca et al., 2016b; 2017; Halffter et al., 1992;
Scheffler, 2005; Spector and Ayzama, 2003). However, we unexpectedly found increased
body size, protibia area and metatibia length within landscapes with higher values of edge
density and pasture cover. While providing support to the findings from recent study with
dung beetles in Mexican forest landscapes (Salomao et al., 2018), these patterns could be
a result of reduced intraspecific competition caused by the lower abundance conspecifics.
This was previously observed for Anoplotrupes stercorosus (Geotrupidae) beetles in
Europe, which had larger body sizes in sites where the species was less abundant (Byk
and Semkiw, 2010). Nevertheless, we highlight that further research is needed to better
understand the mechanisms by which intraspecific competition and other environmental
factors could favor the presence of larger dung beetles in tropical human-modified

landscapes.

5. Conclusion

The current forest cover of the Brazilian Atlantic Forest is only about 11% of its original
extent (Ribeiro et al., 2009), and considered as one of the hotspots of biodiversity (Myers
et al.,, 2000). The remnants within our study region in Bahia State (ca. 17% of its
original) are among the most preserved areas in Brazil (Ribeiro et al., 2009), considered

as a hotspot within Atlantic rainforest that provides refuge for biodiversity (Bahia
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refugium; Carnaval et al., 2009). If expected increases in forest loss, fragmentation and
degradation continue in this region (Ribeiro et al., 2009), not only dung beetle diversity
will be lost, but also significant short and long-term implications will occur for
functioning processes in remaining fragments. This group of insects with its primary
functions mediate many key ecosystem functions such as nutrient cycling, soil
bioturbation, parasite suppression and secondary seed dispersal (Andresen and Feer,
2005; Franga et al., 2018; Nichols et al., 2008). The loss of dung beetles is therefore
likely to result in cascading effects, for example affecting the spatial distribution and
demography of plant communities, with important implications for tropical forest
regeneration and conservation (Lawson et al., 2012). In particular, the observed declines
in roller and coprophagous beetles may lead to a reduction in secondary seed dispersal
(Hosaka et al., 2014) — mainly horizontally — and, consequently, increases in the
probability of seed competition (Andresen, 1999; Andresen and Levey, 2004) or density-
dependent predation (Beaune et al., 2012; Estrada and Coates-Estrada, 1991) where dung

with seeds are still being produced by existing mammals.

Our research assessed the influence of three distinct landscape attributes for dung beetle
communities from the Brazilian Atlantic forest hotspot (Myers et al., 2000). We found
edge density as the main driver of biological changes, but both forest and pasture cover
also significantly influenced many of the dung beetle responses. We therefore call for
conservation and management strategies focused on the protection of the remaining
Atlantic Forest fragments, and the promotion the forest recovery and reduction in the
pasture cover and edge density at the landscape-level. This will be beneficial not only for
dung beetles, which perform several key ecological processes (Franga et al., 2018;
Nichols et al., 2007), but also for the other groups that usually respond similarly to
human-induced forest disturbances in tropical regions such as birds and plants (e.g.
Barlow et al., 2016; Ferreira et al., 2018). Nevertheless, given that tropical ecosystems
are subject to multiple sources of stress such as climate change and local disturbance
(Barlow et al., 2018), conservation efforts will also require multiple but interdependent

management actions at landscape level in order to attain long-term success.
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Figure 1. Map of the study area showing the spatial distribution of native forest fragments (gray color) and
pasture in the matrix (black color) within the 16 landscapes where the plots were installed in Atlantic Forest

in southern Bahia, Brazil. In detail, each landscape is followed by the respective forest cover percentage in
a 1 km radius.
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Figure 2. Gray bars represents independent contribution of each explanatory variable (relative importance)
on dung beetle traits in Atlantic Forest — Bahia, Brazil. Black bars represents significant effects (¢=0.05) as
determined by the randomization test. Z-scores for the generated distribution of randomized and statistical
significance is based on the upper 0.95 confident limit (Z >1.65). Legend: ABTUN-abundance tunnelers,
ABROL-abundance rollers; ABDWE-abundance dwellers; RTUN-richness tunnelers; RROL-richness
rollers; RDWE-richness dwellers; ABCOP-abundance coprophagous; ABNEC-abundance necrophagous;
ABGEN-abundance generalists; RCOP-richness coprophagous; RNEC-richness necrophagous; RGEN-
richness generalists; BSIZ-body size; PROT-protibia area; META-metatibia lenght; FRIC — functional
richness; FEVE — functional evenness; FDIV — functional divergence; FDIS — functional dispersion.
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Table 1.
AlCc-based model selection for (i) resource-relocation behavior, (ii) diet preference, and (iii)
morphological traits and (iv) functional diversity. Multimodel inference based on a model with all
explanatory candidate variables followed by model selection (FC: forest cover, ED: edge density, PC:
pasture cover in the matrix). We show results of all models within AAICc <4.

Dung beetle response metrics Model ranks Model AlCc AAICc  © Cumulative ®

Resource-relocation behavior

Tunnelers abundance 1 PC 43.11 0.00 0.46 0.46

2 ED 45.00 1.89 0.18 0.64
Rollers abundance 1 ED + PC 44.68 0.00 0.49 0.49

2 FC 46.30 1.62 0.22 0.71
Dwellers abundance 1 ED 39.03 0.00 0.87 0.87

2 PC 42.81 3.78 0.13 1.00
Tunnelers richness 1 ED 34.21 0.00 0.72 0.72

2 PC 36.06 1.85 0.28 1.00
Rollers richness 1 Null 49.30 0.00 0.40 0.40
Dwellers richness 1 Null 49.14 0.00 0.29 0.29

Diet preference

Coprophagous abundance 1 ED 37.31 0.00 0.68 0.68

2 PC 40.78 3.46 0.12 0.80
Necrophagous abundance 1 FC 45.09 0.00 0.40 0.40
Generalists abundance 1 FC 42.64 0.00 0.61 0.61
Coprophagous richness 1 ED 40.37 0.00 0.64 0.64

2 FC 43.60 3.23 0.13 0.77
Necrophagous richness 1 PC 45.64 0.00 0.46 0.46
Generalists richness 1 Null 48.85 0.00 0.33 0.33

Morphological traits

Body size 1 ED 3243 0.00 0.32 0.32

2 ED + PC 32.64 0.21 0.29 0.61
Protibia area 1 ED 38.14 0.00 0.42 0.42

2 ED + FC 38.63 0.49 0.33 0.75

3 ED + PC 41.76 3.63 0.07 0.82
Metatibia length 1 ED 38.14 0.00 0.32 0.32

Functional diversity indices

FRIC - richness 1 Null 49.30 0.00 0.39 0.39
FEVE - evenness 1 Null 49.30 0.00 0.52 0.52
FDIS - dispersion 1 Null 49.30 0.00 0.54 0.54
FDIV - divergence 1 Null 49.30 0.00 0.37 0.37
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Figure 3. Model averaging of candidate models within AAICc < 4 for resource relocation behavior
(tunnelers, rollers and dwellers), diet preference (coprophagous, necrophagous, generalists) and
morphological traits (body size, protibia area, metatibia length) on effects of ED - edge density, PC -
pasture cover, FC - forest cover, ED + FC - interaction edge density and forest cover, ED + PC - interaction
edge density and pasture cover.
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Supplementary material

Table S1. List of dung beetle species, as well as resource-relocation behavior, diet preference and total
abundance, sampled in landscapes in the Atlantic forest, northeastern Brazil.

Species Relocation behavior Diet preference Abundance

Anomiopus sp.1 Tunneler Undefined 1
Anomiopus sp.2 Tunneler Undefined 1
Aphengium curtum Silva & Vaz-de-Mello 2015 Tunneler Generalist 8
Ateuchus oblongum (Harold, 1883) Tunneler Generalist 205
Ateuchus vigilans (Van Lansberge, 1874) Tunneler Coprophagous 19
Ateuchus volxemi(Borre, 1886) Tunneler Undefined 3
Canthidium flavipesHarold, 1867 Tunneler Generalist 78
Canthidium sp.1 Tunneler Generalist 14
Canthidium sp.2 Tunneler Undefined 1
Canthidium sp.3 Tunneler Coprophagous 98
Canthidium sp.4 Tunneler Coprophagous 101
Canthidium sp.5 Tunneler Coprophagous 56
Canthidium sp.6 Tunneler Coprophagous 10
Canthidium sp.7 Tunneler Undefined 2
Canthidium sp.8 Tunneler Undefined 1
Canthidium sp.9 Tunneler Undefined 1
Canthon nigripennis Van Lansberge, 1874 Roller Necrophagous 10
Canthon prasinusKlug, 1833 Roller Necrophagous 9
Canthon sp.1 Roller Undefined 2
Canthon staigi (Pereira, 1953) Roller Necrophagous 38
Canthonella silphoides Harold, 1867 Roller Generalist 1470
Coprophanaeus bellicosus (Olivier, 1789) Tunneler Necrophagous 43
Coprophanaeus dardanus (MacLeay, 1819) Tunneler Necrophagous 147
Deltochilum brasiliense (Castelnau, 1840) Roller Necrophagous 16
Deltochilum prox. Calcaratum Bates, 1870 Roller Necrophagous 40
Deltochilum sp.1 Roller Undefined 1
Dichotomius depressicollis (Harold, 1867) Tunneler Undefined 1
Dichotomius iannuzziae Valois, Vaz-de-Mello & Silva 2017 Tunneler Generalist 914
Dichotomius irrinus (Harold, 1867) Tunneler Generalist 303
Dichotomius mormon Ljungh, 1799 Tunneler Undefined 2
Eurysternus nanus Génier, 2009 Dweller Generalist 10
Eutrichillum hirsutum (Boucomont, 1928) Dweller Necrophagous 24
Holocephalus sculptus (Gillet, 1907) Tunneler Undefined 3
Onthophagus haematopus Harold, 1875 Tunneler Coprophagous 300
Paracanthon sp.1 Roller Undefined 2
Phanaeus splendidulus (Fabricius, 1781) Tunneler Undefined 5
Uroxys sp.1 Tunneler Undefined 5
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Figure S1. Heatmap of abundance normalized of dung beetle species in the 16 landscapes based on forest
cover, edge density and pasture cover in the Atlantic Forest - Bahia, Brazil. A - dwellers, B - rollers, C -
tunnelers.
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ABSTRACT

The selection of response variables of communities encompasses a crucial step to assess
the effects of human-modified habitat on biodiversity. Nevertheless, little attention has
been given to the process of variable selection, and the evaluation of trustworthy patterns
on studies using inappropriate response variables. Here, we summarize the current
knowledge about response variables of dung beetle on studies conducted in tropical
forests. Specifically, we outline research history from a comprehensive literature review,
examined response variables, and compared their contribution to studies on habitat
changes and its effects on biodiversity. Moreover, we highlighted main results and gave
suggestions in order to improve the quality of data for further researches. We recorded
194 studies from 1975 to 2018, developed in tropical forest of 31 different countries, with
researchers mostly concentrated in Brazil, United Kingdom and Mexico. Our results
highlight that the response variables that were mostly used to assess habitat changes were
“abundance”, followed by “species richness/diversity” and “body mass/size”. On the
other hand, “movement” and “genetic parameters” were the least used response variables.
We suggest more attention during the process of obtaining and choosing of the best
method for data treatment. The inappropriate use of response variables can generate bias
towards the data analysis, undermining our confidence in the results of ecological studies
with dung beetles.

Keywords: conservation, deforestation, habitat changes, insects, land use, Scarabacinae.

1. Introduction

Natural ecosystems have been modified over centuries, leading to a cascade of species
extinctions (Larsen et al., 2005; Wright, 2010), and habitat loss is classified as the most
pervasive threats to biodiversity worldwide (Pimm and Raven, 2000; Cardinale et al.,
2012). Thereby, in order to maximize and qualify studies (e.g. time, money, taxonomic
reliability) of impacts in natural ecosystems, researchers led to discuss on the use of
bioindicators (McGeoch, 1998). The development of bioindicators in terrestrial
ecosystems gained strength from the 1980s (McGeoch, 1998) and since then, several
criteria have been proposed for selection of appropriate bioindicators to terrestrial

systems (Brown, 1991; McGeoch et al., 2002; Rainio and Niemela, 2003).



Dung beetles of the subfamily Scarabaeinae (taxonomy follows Hanski and Cambefort,
1991) have been proposed as effective indicators of environmental change in tropical
forest (Halffter and Favila, 1993; Spector, 2006; Gardner et al., 2008). Some
characteristics of this group can be listed as favorable to use dung beetles as indicators:
their sensibility to habitat alteration (Larsen et al., 2005; Nichols et al., 2007); well-
understood ecological roles (Hanski and Cambefort, 1991); relatively stable taxonomy
(Philips et al., 2004; Vaz-de-Mello et al., 2011); and can be sampled more cost-
effectively than many other taxa (Larsen and Forsyth, 2005; Gardner et al., 2008).
Furthermore, dung beetles are abundant in tropical forest (Nummelin and Hanski, 1989;

Gill, 1991; Davis et al., 2001), favoring studies in such ecosystems.

Dung beetles provide several ecosystem functions, such as secondary seed dispersal,
nutrient recycling, soil aeration and parasites control (Nichols et al., 2008). Previous
studies with dung beetles have empirically proven the negative effects of human-
modified habitat on dung beetle communities in tropical forests (e.g. Nichols et al., 2007;
Sanchez-de-Jests et al., 2016; Salomao et al., 2018a), impoverishing beetle diversity in
more disturbed environments. The decrease on their abundance and diversity may result
in cascading effects on ecosystem functioning, with important implications for forest
regeneration and conservation (Andresen and Feer, 2005; Nichols et al., 2008; Lawson et

al., 2012).

The selection of response variables encompasses a crucial step to assess the effects of
habitat changes on biodiversity (Guisan and Zimmermann, 2000; Vaughan and Ormerod,
2003; Mac Nally, 2005). Ecological studies have directed little attention in the variable
selection processes, and studies with focus on inappropriate response variables may fail
to find trustworthy patterns (SU et al., 2004; Barlow et al., 2007). This alert already has
been observed in dung beetles, with disparities between researcher’s opinion and their
choice of variables in published studies (Oliveira et al., 2017). With the persistence of
such practices, a biased understanding on effects of human-modified habitat on
biodiversity may reflect on doubtful results (Oliveira et al., 2017). Therefore, the use of
inappropriate response variables may lead to a misconception on the interpretation of

ecological patterns.
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To better understand what dung beetle response variables are used in studies of habitat
changes and in order to improve the quality of data, we summarize our current knowledge
about response variables of dung beetles in tropical forests. With such results we can
provide the outset of discussion on the importance of choice and improvement of
response variables used. First, we outline research history of dung beetles as indicators of
human-modified habitat in the tropical forests, evidencing timeline, main scientific
journals and sites where researchers and fieldworks are mostly concentrated. Second, we
explored the methods used to evaluate response variables and the percentage of
contribution to analyses of different explanatory variable (e.g. fragment size, edge
effects). Third, we highlight important research findings, included recommendations for

obtainment of the variables and point out gaps for future researches.

2. Methods

We carried out a literature search on Web of Knowledge (accessed on August 2018)
using the following search terms: [dung beetle OR scarab OR scarab beetle OR
scarabaeinae OR coprophagous beetles] AND [primary forest OR mature forest OR
intact forest OR old growth forest OR virgin forest OR pristine forest] AND
[fragmentation OR degradation OR forest loss OR deforestation OR habitat loss OR
human OR modification OR land use OR logging OR stress OR matrix composition OR
road OR human impacts OR fire OR edge]. We used the method of qualitative and
quantitative literature review based on individual studies to summarize response variables

on dung beetles to habitat changes in tropical forests (Nichols et al., 2007; 2008).

The search allowed us to gather a total of 790 studies. Each study was carefully revised
for the identification and categorization of the response variables presented. We limited
results to studies that were published in scientific journals, tropical forests, encompassing
dung beetles of Scarabaeidae: Scarabaeinae, in English language and disregarded studies
of reviews or that did not use comparison with a conserved forest in the same system. The
main focus of this review was the Scarabacinae beetles, since they are the most

representative family of dung beetles in the tropics (Schoolmeesters, 2018).

Aiming to build the database, we first outlined research history in tropical forests: year of
publication; journal of publication; country of researchers and country of fieldwork.

Response variables were grouped in a way that there were different categories:
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abundance; richness/diversity; body mass/size; resource relocation behavior; diel activity,
ecological functions, food preference, functional diversity, wing loading/area,
physiological condition, body shape, movement and genetic parameters. To understand
the contribution of different explanatory variables to ecological analyses, such variables
were selected based Oliveira et al. (2007) and grouped in different categories related to
direct and indirect effects of human-modified habitat. The following explanatory
variables were used: edge density, forest structure and composition, fragment size,
landscape connectivity, mammal diversity and biomass, and matrix composition. In
addition, for each type of response variables we explored methods of preparing data for
analyses (e.g. absolute value, estimators), main results - patterns and exceptions - on
effects human-modified habitat, beyond suggestions for improvements and further
studies. Finally, to better interpret our results we constructed maps with the distribution
of ecological studies encompassing dung beetle in tropical forests using ArcGIS10.2

software (ESRI, 2011).

3. Overview

We recorded 194 studies from 1975 to 2018 that used dung beetles as indicators to
understand the effects of habitat changes in tropical forests. Researchers from 47
countries were recorded, and the largest number of publications was associated with
researchers from Brazil (n=67, and on 56 of them Brazilians were the first authors),
United Kingdom (n=51, and on 25 of them British were first authors) and Mexico (n=47,
and on of 31 of them Mexicans were first authors) (Fig. 1). In addition, fieldworks were
conducted in 31 distinct countries, with the highest number of studies in tropical forests

from Brazil (n=75), Mexico (n=31), Malaysia (n=20) and South Africa (n=15) (Fig. 1).
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Fig.1. Map showing the spatial distribution of studies encompassing the effects of human-modified habitat
on dung beetle communities in tropical forests from 1975 to 2018. Gradient of gray colors correspond to
number of researchers by country and red circles represent the number of fieldworks developed by country.

The studies regarding effects habitat changes over dung beetle communities were
recorded from 66 different scientific journals and had increase from 2005, one year after
the review of Davis et al. (2004) on dung beetles as bioindicators (Fig. 2A). However,
50% of publications belonged to only eight journals: Journal of Insect Conservation (IF=
1.6), Biotropica (IF=2.3), Biodiversity and Conservation (IF=2.8), Biological
Conservation (IF=4.0), Ecological Indicators (1F=3.4), Plos one (8; IF=2.8),
Environmental Entomology (1IF=1.7) and Journal of Applied Ecology (IF=5.2) (Fig. 2B).
The response variables that were mostly used in the studies on habitat changes were
“abundance” (96% of the studies), followed by “species richness/diversity” (92%) and
“body mass/size” (42%). “Movement” and “genetic parameters” were the least used
response variables (0.5%, only one study) (Fig. 2C). Details on the use of response

variables for each type of explanatory variables can be visualized in figure 3.

77



B

J Appl Ecol
Environ Entomol
Plos one
EcolIndic

Biol Conserv
Biodivers Conserv
Biotropica

J.Insect Conserv

Publications

C

Genetic parameters
Movement

Body shape
Physiological condition
Wing loading/area
Functional diversity
Food preference
Functional effects

Diel activity

Resource relocation

Body mass/size

‘ Richness/Diversity

Abundance

Number of publications

Response variables

1975 1989 1992 1994 1995 199§ 1998 1999 2000 2001 2002 2093 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

HDDDDF“"

T T
100

o
o
S

Number of studies

Fig.2. Number of publications using dung beetles to evaluated human-modified habitat effects in tropical
forests throughout the years (A), through scientific journals
response variable in the studies (C).

(B) and number of occurrences of each

Abundance Richness/diversity Body mass/size Resource relocation Diel activity
0 ] | ] .
sF ] | [ 1 [
Fs ] ] | |
Lc ] |
1 ] ] ] (—
ue ] ] | J
T T T T 1 T T T T 1 T T T T 1 T T T T 1 T T T T 1
0 20 40 60 &0 100 0 20 40 80 8 100 0 20 40 60 & 100 0 2 4 60 80 100 0 20 40 60 B0 100
Number of studies. Number of studies. Humber of studies Number of studies Humber of studies
Functional effects Food preference Functional diversity Wing loading/area Physiological condition
e [ O i O 1
s ] I il I I
s ] [ i | \
e g L g | O
w ] O \ | \
we [ [ 0 | |
T T T T T 1 r T T T T 1 T T T T T 1 r T T T T 1 T T T T T 1
] 20 40 80 80 100 0 20 40 80 80 100 [ 20 40 80 1 100 0 20 40 80 80 100 (i 20 40 80 1 100
Nurmber of studies Number of studies Humber of studies Number of studies Number of studies
Body shape Moviment Genetic parameters
e [l | \
s | I ‘
Fs | 0 ‘
e | O 0
| | |
e | | I
T T T T T 1 r T T T T 1 T T T T T 1
0 20 4 60 & 100 0 20 40 B0 8 100 0 20 4 & & 100
Number of studies. Number of studies Humber of studies

Fig. 3. Number of occurrences of each response variable by each explanatory variable type (ED — Edge
density, FS — Forest structure and composition, SF — Fragment size, LC — Landscape connectivity, MM —
Mammal diversity and biomass and MC — Matrix composition) with dung beetles in tropical forests.

78



ABUNDANCE

Overall result: We recorded a total of 186 studies evaluating abundance of dung beetles.
Beetle abundance was the most used variable in studies on human-modified habitat. All
studies used absolute abundances, and 16% used an approach of rank-abundance plots to
identify abundance patterns of species, also known as Whittaker curves (see description
of Whittaker, 1972). IndVal indices (see Dufrene and Legendre, 1997), which measures
the statistical fidelity of a species to specific land-uses, based on absolute and relative
abundances, were used on 11% of the studies. Beetle abundance was used on all studies
that comprised edge effect, fragment size and mammal’s diversity; besides of being used
on most of the studies (>90%) comprising forest structure, forest composition, matrix

composition, and landscape connectivity (Fig. 3).

Highlights: The decline of dung beetle abundance was observed with increase habitat loss
and fragmentation (e.g. Filgueiras et al., 2015; Martelo et al., 2016; Alvarado et al.,
2017). Reduction of fragment size and increase of mammalian defaunation negatively
affected abundance of dung beetles, especially the forest specialists (Andresen and
Laurence, 2007; Amézquita and Favila, 2011; Culot et al., 2013). On the other hand, we
also found species with high abundance in degraded environments, which are matrix or

even edge-specialists (Peyras et al., 2013; Filgueiras et al., 2015).

Suggestions: Dung beetle species abundance in tropical forests is thought to increase
during the rainy season (Gill, 1991, but see Filgueiras et al., 2009; lannuzzi et al., 2016),
which is the reproductive period for many species (Halffter and Matthews, 1966;
Andresen, 2008b). However, rainy days should be avoided for installation of traps
(Estrada et al., 1999; Filgueiras et al., 2005), due to the strong decrease in the activity of
such insects, what may bias the data collection. Loss of pitfall traps can occur during
fieldwork (e.g. animals that remove the trap from the installation site due attractiveness of
bait), however studies not report the number of traps lost and future studies are highly
recommended to evaluate the importance, and bias these results. In addition, studies
should be careful about influences of temporal variability on abundance of tropical dung

beetles (Andresen, 2008a).
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Species abundance patterns, based in the log normal distribution, are being used as an
indicator of tropical forests disturbance (Hill et al., 1995b). We found species with high
abundance in degraded environments, but dominance of few species (Scheffler, 2005;
Nichols et al., 2007; Filgueiras et al., 2015). Nummelin (1998) reinforces attention on
generalizations and argues that the fit to log normal distribution of dung beetle species
abundances cannot be used as a straightforward universal. Geometric series models or the
use of indicator species could be viable alternatives to the use of species abundance

patterns) (Gray, 1987; Tokeshi, 1993).

Besides abundance per se, indicators of habitat specificity (e.g. IndVal) feature as
important tools to suggest potential taxa that may be related to determined environmental
characteristics. Furthermore, Anne Chao developed the software CLAM, which may also
be successfully used as an indicator of habitat specificity on biodiversity studies (Chao
and Lin, 2011; Chazdon et al., 2011). Although such indices work based on the absolute
and relative abundance of the species, the results that may differ among each method.
Thus, we suggest that careful comparisons may be performed to compare the responses of

each indicator method.

SPECIES RICHNESS/DIVERSITY

Overall result: We recorded a total of 179 studies using species richness and diversity
species of dung beetles. Species richness and diversity were the second most used
variable in studies on human-modified habitat. Species richness and diversity were
always used as absolute values, and 55% of studies mentioned the use estimators of
richness and diversity, where 43% used Shannon-Weiner index, 32% Chao 1, 24%
Jackknife 1, 19% Chao 2, 18% Simpson’s index, 11% incidence-based coverage
estimator ICE and 10% Bootstrap. Less than 10% of the studies used Jackknife 2, Mao
Tau estimated, Fisher’s alpha, Abundance-based coverage estimator ACE, Michaelis-
Menten MM, Bergen-Parker and Clench method (see descriptions Colwell and
Coddington, 1994; Brose, 2002; Chao, 2004; Magurran, 2004). The number of species
richness estimators used per study ranged from one to nine. This variable was used in all
studies comprising on mammal’s diversity; in most of the studies (>90%) encompassing
matrix composition, forest structure and composition, edge effect, and fragment size; and

76% of the studies comprising landscape connectivity (Fig. 3).
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Highlights: Species richness and diversity tend to decrease as a result of habitat loss and
fragmentation and are strongly related with landscape structure and mammalian fauna
(Almeida et al., 2011; Barragan et al., 2011; Bogoni et al., 2016; Alvarado et al., 2017).
Environmental conditions related to disturbed habitat (e.g. small fragments, loss of forest
cover, open area habitats, edges forest and decreasing overall mammal biomass) causes a
negative impact on richness and diversity of dung beetles (Andresen, 2008b; Amézquita
and Favila, 2011; Culot et al., 2013; Barnes et al., 2014b; Sanchez-de-Jesus et al., 2015).
It is noted that in studies on ecosystem functions provided by dung beetles tend to be
more dependent of functional properties (e.g. resource relocation behavior) and

combinations of species than species richness alone (Slade et al., 2007).

Suggestions: Currently, novel methods to evaluate dung beetle diversity are receiving
much attention on ecological studies (Hernandez et al., 2014; Silva et al., 2018a; Tonelli
et al., 2018), and has the potential to be widely applied on Tropical ecosystems. For
example, Hill numbers consist on a derivation of the classical diversity metrics, as
Shannon and Simpson diversities (Hill, 1973; Jost, 2006). Another example is the
partition of beta diversity, which may be analyzed through the components of nestedness
and species turnover (Ferreira et al., 2018; Silva et al., 2018b). Such current tools are
commonly used by mathematical formulas and R packages, as iNEXT, Vegan and
betapart (Baselga et al., 2018; Hsieh et al., 2018; Oksanen et al., 2018), gives novel
responses to classical ecological studies. Future studies encompassing dung beetle
biodiversity should focus their attention on modern tools that may give new insights of
the consequences of habitat changes. For example, Maturo and Batista (2018) has
developed a new method that embraces diversity metrics under a wide scenario, the

“biodiversity surface”, which gives cues to the diversity changes over different scales.

BODY MASS/SIZE

Overall result: We recorded a total of 81 studies using body size/mass of dung beetles.
This was the third variable most used in studies on human-modified habitat. Most of
these studies (93%) obtained their data in field collections, and 7% of them were obtained
from literature review. Body mass was used as absolute value (89%) or categorical
(11%). For estimating body mass, the number of individuals weighed per species ranged

from 10 (28% of studies) to all individuals (24%); others studies used between 15 and 50
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individuals, however represented a low percentage. From categorical method that
separated beetle body mass, all studies separated dung beetle species as small <0.1g and
large >0.1g, based in Nichols et al. (2013). Notwithstanding, body size classes were also
separated on different range intervals (see Halffter and Arellano, 2002; Navarrete and
Halffter, 2008; Culot et al., 2013). Body size was used as absolute value (64%) or
categorical (36%). The number of individuals measured per species ranged from 5 to all
individuals collected, but the highest percentages were for all individuals (56%). From
categorical method, beetles were grouped in blocks of small <10mm and large >10mm
based in Hanski and Halffter (1991). The studies that obtained data by literature used
references from Doube (1990), Davis (1996), Vulinec (2002) and Jankielsohn et al.
(2001). In addition 71% of occurrence in published papers on landscape connectivity,
57% mammals diversity, 56% fragment size, 42% forest structure and composition, 40%

on matrix composition and 31% edge effect (Fig. 3).

Highlights: The mean size and mass of beetles were significantly higher in continuous
and primary forest sites than disturbed areas (e.g. forest fragments, pastures and forest
edges) (Andresen, 2003; Spector and Ayzama, 2003; Alvarado et al., 2008). In addition,
the presence of herbivorous and omnivorous mammals was an important driver that
explained dung beetle body size (Bogoni, 2016), with large-bodied forest-specialist
species mainly associated with mid and large-sized wild mammals (Klein, 1989; Halffter
and Arellano, 2002; Sanchez-de-Jests et al., 2016). On the other hand, dung beetle
communities in pasture are characterized by the hyper-dominance of small-bodied
species (Spector and Ayzama, 2003; Schelffer, 2005; Nichols et al., 2007). However,
large species can also dominate in pastures (Andresen, 2008b; Diaz et al., 2010), and link

between body size and extinction risk may not be universal (see Larsen et al., 2005).

Suggestions: When categorical method is chosen, it is important to also provide raw data
in order to facilitate comparisons between studies, as well as to allow further analysis
(e.g. meta-analysis). Body length and mass are traits correlated used to evaluate size of
individuals (Lobo, 1993; Radtke and Williamson, 2005). To an accurate estimation of
intraspecific variability in trait-based values, Griffiths et al. (2016) recommend
measuring between 30 and 60 individuals. However, would be ideal to carry out more

studies on this subject with different dung beetle communities. As proved previously,
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dung beetle morphometry may change according to habitat (Alves and Hernandez, 2017).
Therefore, we suggest to use equal number of individuals from each environment studied

in future studies.

Body size is related to ecological services (Barnes et al., 2014a; Beynon et al., 2015).
However, depending on the resource relocation behavior, dung beetle species may
present different dynamics regarding resource utilization (Halffter and Edmonds, 1982;
Scholtz et al., 2009), what may affect the ecological services that they provide. Therefore,
future studies should consider the importance of each resource relocation behavior related
to body size when analyzing ecosystem services of dung beetles, as resource removal

rates and seed dispersal.

RESOURCE RELOCATION BEHAVIOR

Overall result: We recorded a total of 46 studies using resource relocation behavior of
dung beetles. All studies used resource relocation behavior as variable categorical and
beetle species were clustered as rollers (i.e. telecoprids), tunnelers (i.e. paracoprids) or
dwellers (i.e. endocoprids). This classification was 67% based in literature by Halffter
and Matthews (1966), Halffter and Edmonds (1982) and Hanski and Cambeffort (1991),
and within these, 15% add new data based on specify behaviors (see Bornemissza, 1969;
Hammond, 1976; Klemperer and Boulton, 1976). On the other hand, 33% of studies not
mentioned the reference used. Resource relocation behavior was used 36% of occurrence
in published papers on mammals diversity, 30% fragment size, 29% landscape
connectivity, 25% forest structure and composition, 23% on matrix composition and 16%

edge effect (Fig. 3).

Highlights: Studies show a decline of roller species in edge forest, pastures and
environments with higher abundance of caviomorph rodents (Nichols et al., 2013; Hosaka
et al., 2014; Kenyon et al., 2016). In habitats where there is a reduction of canopy cover
and increase of open matrices, however, rollers exhibit a higher relative abundance when
compared to tunnelers and dwellers (Navarette and Halffter, 2008; Beiroz et al., 2017;
Gomez-Cifuentes et al., 2017). Tunnelers were negatively affected by reduction of

percentage of canopy cover, increase of edge effect and open matrix (Audino et al., 2017,
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Beiroz et al., 2017; Edwards et al., 2017). Furthermore, the presence of herbivore
mammals was positively related to the diversity of tunneler species (Bogoni et al., 2016).
Suggestions: The little biological information and generalizations used on resource
relocation behavior can be dangerous and exclude information of the functionality of the
species. So, future studies that analyze this behavior for each species (in natural or
laboratory conditions) are highly recommended. As also, studies linking a group of
morphological characteristics with functionality may solve this problem (see Raine et al.,
2018).

Although rollers and tunnelers response to human-modified habitats are relatively well-
known, this is not the case for dweller species. This may be related to the relatively poor
species richness of dwellers when compared to rollers and tunnelers. For example, in the
neotropics dweller species are mostly composed by the genus FEurysternus Dalman (e.g.
Horgan, 2008; Amézquita and Favila, 2010; Campos and Hernandez, 2013). Due to the
importance of dwellers for the ecosystem services provided by tropical dung beetles of
America (Génier, 2009), and scarce precision on ecological response of dwellers to
human-modified habitats, future studies should focus on understanding the patterns of

such dung beetles.

DIEL ACTIVITY

Overall result: We recorded a total of 27 studies using diel activity of dung beetles. All
studies used diel activity as variable categorical and beetles were clustered as diurnal,
crepuscular (only by Boonrotpong et al., 2012; Nino et al., 2014) and nocturnal. Most of
these studies obtained their data from literature (54% of studies used references based in
Halffter and Matthews (1966); Doube (1990); Gill (1991), Hanski and Cambefort (1991);
Halffter et al. (1992); Halffter and Favila (1993); Montes-de-Oca and Halffter (1995);
Favila and Diaz (1997); Favila and Halffter (1997); Davis (1999); Hernandez (2002);
Vulinec (2002); Favila (2005); Krikken and Huijbregts (2007); Slade et al. (2007);
Edmond and Zideck (2010); Nichols et al. (2008); Campos et al. (2011); Lopes et al.
(2011); Qie et al. (2011); Slade et al. (2011); Schultze and Hernandez (2012); Nichols et
al. (2013); Audino et al. (2014); Medina and Lopes (2014). Other studies used

classification based from indicator value analysis (4% e.g. IndVal, Beiroz et al., 2018); or

84



proportion based on abundances in each period (30%, e.g. Beiroz et al., 2017) and 3); and

12% not detail the method.

On most of these studies, the period from trap or bait replacement was between 11-12h
(78%), and only two studies used between 3-4h (i.e. Boonrotpong et al., 2012; Nino et al.,
2014). In addition, when mentioned in the methods (90%), schedules to bait installation
were all at morning (6-8h) and night (18-20h). This variable was used in 36% of
published papers on mammals diversity, 30% fragment size, 29% landscape connectivity,

25% forest structure and composition, 23% on matrix composition and 16% edge effect

(Fig. 3).

Highlights: Diel activity was associated with body size and treated in terms of functional
groups (i.e. small diurnal and large nocturnal, see Doube et al., 1990 for the
classification). Large nocturnal beetles were mostly found in primary forest and large
fragments, while small diurnal species were abundant in large and small fragments
(Escobar, 2004; Amézquita and Favila, 2011). Nocturnal beetles were often defined as
more tolerant than diurnal beetles to the forest disturbance (Vulinec, 2002; Beiroz et al.,
2017), and nocturnal beetles were also more abundant than diurnal in forest edges
(Halffter et al., 1992; Diaz et al., 2010). In addition, some studies shown that none of
predictor variables related to habitat change (e.g. landscape connectivity and mammal
abundance) were able to explain the variance of diurnal and nocturnal species (Andresen

and Laurence, 2007; Audino et al., 2017).

Suggestions: Further studies are required to understand of duration of bait attractiveness
on different quantity and environmental conditions (see Peck and Howden, 1984; Gittings
and Giller, 1998; Verdu and Galante, 2004), since the dryness of the bait may be more
accelerated during the day or open matrices and the power of attractiveness therefore
reduced when compared to night or conserved forest. Also, there are cues that dial
activity may change between populations of the same species (Lopes et al., 2011;
lannuzzi et al., 2016), but this has not been widely studied. Environmental conditions
related to habitat disturbance could be affecting dial activity of plastic species, which
could adapt to different environmental conditions, shifting their dial and seasonal activity

period.
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ECOLOGICAL FUNCTIONS

Overall result: We recorded a total of 24 studies using ecological functions of dung
beetles. Ecological functions had been assessed by experimentations in field based on
dung removal, seed burial, soil removal and carrion removal (71, 37, 12 and 8%,
respectively). Most studies (68%) used cow, human or mix human:pig dung to
experimentations of dung removal. However, others used dung of others vertebrates (e.g.
monkey, pig, domestic dog and macropod). Results of dung removal were obtained
mainly 24h after installation of experiment (76% of studies), but other time-intervals
were also recorded (24%, e.g. after 30min, 48h, 72h, 18 days). There was no pattern on
volume of dung used in the experiments, which ranged from 10g to 780g. A total of 65%
of the researchers mentioned the use of a control experiment to avoid the confounding

factor related to humidity (see Barnes et al., 2014b; Gray et al., 2014).

To assess seed burial process by dung beetles, most studies (78%) used cow or monkey
dung, while others used a mix human:pig or only human dung. Similar to dung removal,
there was no pattern on volume of dung used in the experiments, ranging from 10g to
780g. The number of studies using mimics (e.g. Nichols et al., 2013) and natural seeds
(e.g. Andresen, 2003) was similar (n= 6 for each). Results of seed burial were obtained
mainly 24h after installation of experiment (67% of studies), but also were registered 72h
latter (33%). To quantify the amount of seed burial by dung beetles, the number of seed

buried vs seed on the surface was evaluated.

Few studies have assessed soil removal process (only Braga et al., 2013; Franca et al.,
2017; 2018), and experiments were developed in the same condition of dung removal. To
quantify the amount of soil excavated by dung beetles, loose soil on the ground surface
was collected with spoons or spatulas and weighed after drying at 60°C (67%) or 100°C
(33%). Lastly, two studies focused on carrion removal highlighting functions associated
with necrophagous beetles (i.e. Amézquita and Favila, 2011; Batilani-Filho and
Hernandez, 2017). Amézquita and Favila used 200g of fish carrion for 24h, while
Batilani-Filho and Hernandez used 50g of pig carrion for 48h. Ecological functions was
used in 21% of published papers on mammal diversity, 19% fragment size, 12% on
matrix composition and forest structure and composition 9% edge effect and 6%

landscape connectivity (Fig. 3).
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Highlights: A higher amount of ecosystem services were provided in continuous and
primary forest than in small fragments and agriculture or pasture matrix (e.g. Andresen,
2003; Braga et al., 2013; Barnes et al., 2014b). Logging intensity, reduction of
percentage of canopy cover and edge habitats had negatively effects on dung removal,
carrion removal, soil removal and seed burial (Amézquita and Favila, 2011; Slade et al.,
2011; Hosaka et al., 2014a; Batilani-Filho and Hernandez, 2017; Franca et al., 2017). On
the other hand, some studies did not find significant differences on dung removal rates
among land uses (Gray et al., 2014). However, is interesting to note that different patterns

of responses can be obtained according to the scale used in the study (Franga et al., 2017).

Suggestions: There is no consensus about methodologies to standardize the evaluation of
ecological functions of dung beetles. Nonetheless, some studies have already information
about the optimum time-intervals used between experiments to evaluate ecological
functions. Furthermore, future studies should focus on quantifying how sampling effort
(i.e. number of traps and time interval to keep traps in the field) may affect the depletion
effects on beetle communities, which could result in confounding effects over ecological

functions.

Studies would be clearer on justifying the volume of dung or carrion used in the
experiments. For example, if the amount was based in representative dung-pile size of
several Neotropical frugivores (e.g. 10g, Andresen, 2003) or because was the smallest
amount that could be used without total removal within 24h (e.g. 780g, Slade et al.,
2011). Whereas, larger amounts of dung attract more species and individuals of dung
beetles, and in some cases also larger beetles (Peck and Howden, 1984; Andresen,
2002a). The use of seeds mimics has the great advantage of not being removed by
predators (Slade et al., 2007) and the burial rates between seeds or seed mimics was
similar in a study from temperate forest (Koike et al., 2012). However, Culot et al. (2011)
highlights that spherical seeds are more likely to be buried than the others shape and
Andresen and Levey (2004) found differences in the process of burial according to seed
size. Therefore, future studies should consider the importance of seed morphological

features on seed burial process.

FOOD PREFERENCE
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Overall result: We recorded a total of 24 studies using food preference of dung beetles.
Most studies (96%) used food preference as a categorical variable, being beetle species
clustered as coprophagous, necrophagous or generalists. This classification was obtained
through of five different methods: 1) proportion based in abundance on determined bait
type (56% of studies; e.g. Andresen 2008); 2) indicator value analysis as Levin’s
standardized or IndVal (11%; e.g. Campos et al., 2013; Beiroz et al., 2018); 3) literature
review (7%; references from Halffter and Favila, 1993; Favila and Halffter, 1997); 4)
presence—absence data to estimate the diet breadth (7%; Larsen et al., 2008); and 5)
multinomial model (4%; Bourg et al., 2016). On the other hand, Horgan (2008) decided
to use value of mean and standard error of individuals by each bait type using univariate

general linear models (GLM) and removing the effect of blocks.

All studies used dung and carrion to examine food preference of dung beetles and 28% of
studies added bait of fruit and 8% of fungus. The specific bait types for each category are:
1) dung: 68% human and 32% used others vertebrate dung (e.g. cow, mix human:pig,
mix sheep:horse, wallaby and domestic dog); 2) carrion rotten: 33% bovine, 29% squid,
19% fish, 14% pig and 5% shrimp; 3) fruit decomposition: 83% banana and 17% mix
papaya:tomato:banana:anona; 4) fungus: all mushrooms. All studies used pitfall trap and
the most used exposure time was 48h (60%), followed by 24h (12%), other studies (28%)
used 12h, 36h or 7 days. This variable was used in 24% of published papers on landscape
connectivity, 14% forest structure and composition, 13% on matrix composition, 11%

fragment size, 7% mammal diversity and 6% edge effect (Fig. 3).

Highlights: Diet breadth of dung beetles in the open matrices is lower when compared to
forests (Horgan, 2008) and subsets of forest species may be driven to local extinction
irrespective of their dietary breadth or specialization (Edwards et al., 2014a).
Coprophagous beetles are negatively affected by canopy openness in undisturbed forests
(Beiroz et al., 2017); however, there is also a dominance of coprophagous species in open
matrices (Diaz et al.,, 2010). Necrophagous presented contrasting responses, with
communities that were sensitive to environmental disturbance (Batilani-Filho and
Hernandez, 2017), as well as other apparently tolerant to disturbance (Halffter et al.,
2007; Navarrete and Hallfter, 2008; Beiroz et al., 2017). Generalist species were more
abundant than other groups in forest edges (Halffter et al., 1992), and tended to change
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their selection of bait type depending on the habitat (Bourg, 2016). Finally, fungus-

specialized species were associated with preserved forest (Hill, 1996).

Suggestions: According to the vast literature, human dung remains the most effective bait
for the attraction of dung beetles in tropical forest (e.g. Filgueiras et al., 2009; Puker et
al., 2013), and mix human-pig dung is a promising alternative for sampling of group due
similar attractiveness (Marsh et al.,, 2013). However, few studies have explored
attractiveness of different carrion types (but see Stavert et al., 2015; Ueda et al., 2015b).
Further studies are required to understand of duration of bait attractiveness on different
types, quantities and environmental conditions (12h, suggested by Barnes et al., 2014b;
and 24h by Howden and Nealis, 2015), because of volatile profile bait used could be
important in initiating food searching behaviour and determining dung beetle attraction to
food resources (Stavert et al., 2015). In addition, cost-benefit assessment of distinct trap
types according sampling times (e.g. see NTP-80, Morén and Terron, 1984; pitfall trap,
Montes-de-Oca and Halffter, 1995).

Dung beetles may change the proportion of food-specialist species according to
disturbance in tropical forests. For example, Bourg et al. (2016) observed that tropical
forest fragments had a lower number of carrion specialists than in pastures.
Notwithstanding, it is still poorly known what factors may trigger a diet-specialist species
to consume other resource than the preferred one. For a better comprehension of the
niche-plasticity of each species when facing habitat disturbance, individual characteristics

(e.g. sexual maturity, gender, health condition) deserved better care.

FUNCTIONAL DIVERSITY

Overall result: We recorded a total of six studies using functional diversity on dung
beetles (Barragan et al., 2011; Audino et al., 2014; Barnes et al., 2014b; Edwards et al.,
2014a; Silva and Hernandez, 2015a; Gomez-Cifuentes et al., 2017). Functional diversity
had been accessed by four indices: functional evenness - FEVE, functional dispersion -
FDIS, functional richness - FRIC and functional divergence - FDIV (86, 86, 72 and 43%,
respectively) (see Villéger et al. (2008) and Laliberté and Legendre (2010) for description
of each of these indices). All studies considered body mass during the calculation, while

55-75% included resource-relocation behaviour, diet preference and diel activity; and
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<15% considered pronotum width, body shape or wing loading/area. There was no
pattern on number of individuals measured for estimating mean trait values of species,
which ranged from 5 (e.g. Gomez-Cifuentes et al., 2017) to all individuals sampled (e.g.
Silva and Hernandez, 2015a). On the other hand, one study used data from literature (e.g.
Barragan et al., 2011). This variable was used in 6% of studies comprising landscape
connectivity; 4% fragment size, forest structure and composition and matrix composition;

and 3% edge effect (Fig. 3).

Highlights: The highest FRIC values were recorded for dung beetle communities in
primary and secondary forest, while in pastures, agriculture and restoration areas the loss
of functional richness was evident. Likewise, indices of FEVE, FDIS and FDIV were

lower in either pastures or agriculture matrix than in the native forest.

Suggestions: The intraspecific variability and co-related traits are important factors to
functional diversity analyses (see Nacem and Wright, 2003; Cadotte et al., 2011). Thus,
to dung beetles is recommend measuring of 30—60 individuals for an accurate estimation
of species mean trait values, and traits can be adjust to avoid correlation (Griffths et al.,
2015; 2016). To data that did not follow a normal curve is preferable to use trait’s
medians rather than means (Griffths et al., 2015). In addition, data should be taken from
specimens collected from the site of study for greater reliability of analyses (Griffths et

al., 2016).

WING LOADING/AREA

Overall result: We recorded two studies using wing loading or area of dung beetles
(Larsen et al., 2008; Barnes et al., 2014a). All studies used absolute values of wing
loading or area; however, the studies presented differences in the methods for obtaining
the attributes related to wing. For example, wing loading was measured as the ratio of
body mass to total wing area (Larsen et al., 2008; Barnes et al., 2014a), while wing area
was measured as the total area of the left hind wing (mm?), multiplied by two for total
wing area (Barnes et al., 2014a). The number of individuals measured for each species
varied according to individuals collected in the study (from 1 to 25 individuals). This
variable was used in 6% of studies comprising edge effect and 1% forest structure and

composition and matrix composition (Fig. 3).
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Highlights: Results show that species with high wing loading tended to fly rapidly and
continuously, while species with low wing loading tended to fly short distances. Thus,
high wing loading may make forest-adapted species more sensitive to habitat loss and
fragmentation by increasing their area requirements and species with lower wing loading

were beneficed by matrix restoration, especially due their low dispersal ability.

Suggestions: The integration of studies on wing characteristics with physiology,
behavior, and evolution may to increase the knowledge on interactions between species
and environment, facilitating the understanding of differences on flight patterns and use
of space by dung beetles in human-modified habitats. Similar to functional diversity, is
preferable measuring of 30—60 individuals for an accurate estimation of species mean
trait values due intraspecific variability (Griffths et al., 2016). Furthermore, flight activity
is related to thermoregulation in dung beetles (Verdid and Lobo, 2008), and may be
affected by wing load of beetle species. Thus, future studies could analyze potential
synergetic effects that wing load and maintenance of corporal temperatures have over the
spatial distribution of dung beetles over disturbed and conserved landscapes on tropical

forests.

PHYSIOLOGICAL CONDITION

Overall result: We recorded a total of two studies using physiological condition of dung
beetles (Franga et al., 2016b; Salomao et al., 2018a). Absolute values of physiological
condition were used, being estimated through analysis of body size, body dry mass, fat
mass, and muscle mass. However, the studies presented differences in the methods for
obtaining the attributes related to physiological condition. For example, the extraction of
lipid mass using 200 ml of n-hexane heated under reflux for 4 hr (18-22 cycles/hr) at 63—
65°C was performed by Franga et al. (2016b), while using chloroform for 24 h was
performed by Salomao et al. (2018a). This variable was used in 6% of studies comprising
landscape connectivity, 3% edge effect and 1% forest structure and composition and

matrix composition (Fig. 3).

Highlights: Most of the dung beetle species (83%) which are occupying disturbed
environments exhibit increases in the fat storage, but there are a few species (17%) which

physiologically are unaffected by environmental variables. In addition, environmental
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parameters that affect beetle abundances are not the same that affects physiological
condition. Thus, this tool gives new insights regarding forest fragmentation and habitat
loss, which may complement the traditional dung beetle studies that encompasses

community structure. However, there are still scarce studies regarding these parameters.

Suggestions: Future studies should focus on understanding whether there are synergistic
effects between habitat structure and ecological community parameters (e.g. species
richness, abundance, diversity) over physiological condition of dung beetle species. For
example, based on the density-dependence theories (Svensson and Sinervo, 2000;
Rodenhouse et al., 2003; Sillet et al., 2004), abundant populations may be related to
physiologically challenged individuals, which could present reduced condition when
compared to populations with low abundances. In addition, studies analyzing the
physiological condition of dung beetles according to sex may present cues regarding to
what is the more sensible sex to the pressures of habitat transformation. Although it is
known that physiological conditions of dung beetles are affected by landscape
transformation, there is no data regarding the consequences of such effects. Future studies
regarding the consequences of physiological condition over ecosystem services (e.g.
excrement removal, seed dispersal) and fitness of dung beetle species may shed light on

the effects of shifts in the health condition of such insects.

BODY SHAPE

Overall result: We recorded two studies using the body shape of dung beetles (Barnes et
al., 2014a; Alves and Hernandez, 2017). The studies presented differences in the methods
for obtaining the attributes related to body shape. For example, the extraction of shape
using the ratio of body mass to pronotum width and defining of body shape index (BSI)
was performed by Barnes et al. (2014a), while using the tool of morphometric geometric
through the placement of 15 anatomical landmarks in anteroposterior and ventral dorsal
axis was performed by Alves and Hernandez (2017). This variable was used in 3% of
studies comprising edge effects and 1% on forest structure and composition and matrix

composition (Fig. 3).
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Highlights: The results reported that dung beetles had a significant increase of BSI from
the forest into the matrix habitats (Barnes et al., 2014a) and body shape in matrix of

transgenic maize is different of conserved forest (Alves and Hernandez, 2017).

Suggestions: Body shape is an important variable to be incorporated into future studies on
the structure of dung beetle assemblages, because the linking between body shape and
size can elucidate questions about co-occurring species and their associated ecosystem
processes (Hernandez et al., 2011; Barnes et al., 2014a). In addition, changes in shape
already are used to detect environmental stress in other insects (see Hoffmann et al.,

2002).

MOVEMENT

Overall result: We recorded one study using movement of dung beetles (Arellano et al.,
2008a). This study was assessed by mark-release-recapture of individuals and was used
the distance of 25m between traps. Beetles were marked with a unique combination of
dots on the elytra and/or pronotum using silver pens and covered with a fine layer of glue
with cyanocrilate (Arellano et al., 2008). This study focused on landscape connectivity,

fragment size, forest structure and composition and matrix composition (Fig. 3).

Highlights: The movement rate was higher within forests than within open matrix and

males dominate the long-distance movements when compared with females.

Suggestions: Protocols suggest of use of 50m distance between traps (Larsen and Forsyth,
2005) or 100m (Silva and Hernandez, 2015b) to eliminate interference (or dependence)
between traps, because independence among samples is a basic premise in statistics
analyses (Zuur et al., 2009). However, as distance may vary between species due gender,
age categories, body size, food relocation behavior, and diel activity period (Arellano et
al., 2008a; Silva and Hernandez, 2015b), future efforts are required to improve this
variable. Age categories may be determinate using characters-based body cuticle, spur’s

leg and the clypeus (see Martinez and Montes-de-Oca, 1994).

GENETIC PARAMETERS
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Overall result: Until the present review, only the study of Ferreira-Neto et al. (2017)
approached genetic parameters of dung beetles to evaluate effects of habitat
fragmentation. To understand the effects of fragmentation at the genetic level,
populations of dung beetles were studied using inter-simple sequence repeat (ISSR)
markers to analyze the genetic diversity based on the number of loci, percentage of
polymorphic loci and expected heterozygosity. This study focused on landscape

connectivity and matrix composition (Fig. 3).

Highlights: Ferreira-Neto et al. (2017) found that the genetic traits suggesting that the
populations are genetically divided in preserved and disturbed forest and beetles from

preserved areas presented higher levels of genetic diversity compared to disturbed areas.

Suggestions: In face of the huge diversity of dung beetles in tropical forests compared
with other groups, it is surprising that so few data are available regarding the effects of
human-modification habitat on the population genetic diversity of species in this group.
Such data could contribute enormously on the understanding of the genetic health and
structure of populations and would be important to precisely correlate human-
perturbations with the risk of local extinctions (see Templeton, 2013). Using SSR data
(also known as microsatellite DNA) obtained through genomic approaches through Next
Generation Sequencing, however, has shown more efficiency than previous gel-based

analyses (Qin et al., 2017).

Conclusions

Based on our results, we can conclude that taxonomic diversity, which encompasses
abundance, species richness and diversity, are the most used tools to analyze the effects
of habitat modification in tropical forests. As dung beetles have a standardized sampling
methodology (Halffter and Favila, 1993; Spector, 2006; Nishiwaki et al., 2017), we
suggest that less-used approaches of dung beetle responses to habitat disturbance, as
ecological functions and food preference, deserves better care and standardization
regarding data surveys. By evaluating the response variables herein, we presented gaps of
knowledge which deserved more intensive studies, for a broader comprehension of the

effects of habitat disturbance over biodiversity.
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Supplementary material

Table S1. Response variables of dung beetles used in studies on human-modification habitats in tropical forests.

Abundance  Richness/Diversity ~Body mass/size  Resource relocation  Diel activity  Ecological functions  Food preference  Functional diversity =~ Wing loading/area  Stress physiological Body shape Movement  Genetic parameters

Aguilar-Amuchastegui and Henebry 2007 + +

Almeida et al. 2011 + + + +

Alvarado et al. 2017 + + +

Alves and Hernandez 2017 +
Amézquita and Favila 2010 + + + +

Amézquita and Favila 2011 + + + + + +

Andrade et al. 2014 + + + +

Andrade et al.2014 + +

Andresen and Laurence 2007 + + +

Andresen 2003 + + + +

Andresen 2007 + + + +

Arellano and Hallfter 2003 + +

Arellano et al. 2005 + + + + +

Arellano et al. 2008 + +
Arellano et al. 2008 + +

Audino et al. 2014 + + + + + + +

Audino et al. 2017 + + + + + +

Avendano-Mendonza et al. 2005 + + + +

Barlow et al. 2007 + +

Barlow et al. 2010 + +

Barlow et al. 2012 + +

Barlow et al. 2016 + +

Barnes et al. 2014a + + + + + +
Barnes et al. 2014b + +

Barragan et al. 2011 + + + + + + +

Batilani-Filho and Hernandez 2017 + + + + + +

Beiroz et al. 2017 + + + + + +

Beiroz et al. 2018 + + + + + +

Bett et al. 2014 + + +



Abundance  Richness/Diversity ~Body mass/size  Resource relocation  Diel activity ~ Ecological functions  Food preference  Functional diversity =~ Wing loading/area  Stress physiological Body shape Movement  Genetic parameters
Bicknell et al. 2014 + +
Bitencourt et al. 2016 + +
Blaum et al. 2009 + +
Bogoni et al. 2016 + + + + +
Boonrotpong et al. 2004 + +
Boonrotpong et al. 2012 + + +
Botes et al. 2006 + +
Bourg et al. 2016 + + +
Braga et al. 2012 + + + +
Braga et al. 2013 + + + +
Caballero and Ledn-Cortés 2012 + +
Cajaiba et al. 2017a + +
Cajaiba et al. 2017b + +
Campos & Hernandez 2013 + + + + +
Campos & Hernandez 2015a + + +
Campos & Hernandez. 2015b + +
Carpio et al. 2009 + + +
Chapman & Chapman 2003 + + + + +
Costa etal. 2013 + +
Costa et al. 2014 + +
Costa et al. 2017 + + +
Culot etal. 2011 + + +
Culot etal. 2013 + + +
Cultid-Medina and Escobar 2016 + + +
Davis and Philips 2005 + +
Davis and Philips 2009 + +
Davis and Sutton 1998 + +
Davis 1994 + +
Davis et al. 2000 + +
Davis 2000 + +
Davis et al. 2001 + +
Davis et al. 2002 + +
Davis et al. 2003 + +
Davis et al. 2012 + +
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Abundance  Richness/Diversity ~Body mass/size  Resource relocation  Diel activity ~ Ecological functions  Food preference  Functional diversity =~ Wing loading/area  Stress physiological Body shape Movement  Genetic parameters
Davis et al. 2013 + + +
Diaz et al. 2010 + + + + + +
Edwards et al. 2010 + +
Edwards et al. 2014a + +
Edwards et al. 2014b + + + + + + +
Edwards et al. 2017 + + + + +
Escobar 2004 + + + + +
Escobar et al. 2007 + +
Estrada and Coates-Estrada 2002
Estrada et al. 1998 + +
Estrada et al. 1999 + +
Farias et al. 2015 + + +
Feer and Hingrat 2005 + + +
Feer 2008 + +
Feer 2013 + + +
Ferreira-Neto et al. 2017 +
Filgueiras et al. 2011 + + + + +
Filgueiras et al. 2015 + + +
Filgueiras et al. 2016 + +
Franga et al. 2016a + + +
Franga et al. 2016b + +
Franga et al. 2017 + + + +
Franga et al. 2018 + + + +
Gardner et al. 2008a + + +
Gilroy et al. 2014a + +
Gilroy et al. 2014b + +
Gomez-Cifuentes et al. 2017 + + + + +
Gonzales-Vainer et al. 2012 + +
Gray et al. 2014 + + + + + +
Gray et al. 2016 + + +
Gries et al. 2011 + +
Grimbacher et al. 2006 + +
Halffter and Arellano 2002 + + + + +
Halffter at al. 2007 + + + +
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Abundance  Richness/Diversity Body mass/size  Resource relocation  Diel activity ~ Ecological functions  Food preference  Functional diversity ~ Wing loading/area ~ Stress physiological Body shape Movement ~ Genetic parameters

Halffter et al. 1992 + + + + + +
Hanski et al. 2007 +

Harvey et al. 2006 + +

Hayes et al. 2009 + +

Hernandez and Vaz de Mello 2009 + +

Hernandez et al. 2014 + +

Heusi-Silveira et al. 2012 + +

Hill 1995 + +

Hill 1996 + + + +
Holloway et al. 1992 + +

Horgan 2005 + + + +

Horgan 2006 + + + +

Horgan 2007 + + +

Horgan 2008 + + + + +
Horgan 2009 + + +

Hosaka et al. 2014a + +

Hosaka et al. 2014b + + + + +

Howdan and Nealis 1975 + +

Jacobs et al. 2010 + +

Kenyon et al. 2016 + + + + +

Kessler et al. 2009 + +

Kishimoto-Yamada et al. 2013 + +

Klein 1989 + +

Korasaki et al. 2012 + + +

Korasaki et al. 2013 + + +

Kotze & Lawes. 2007 + +

Kudavidanage et al. 2012 + + + +

Lachat et al. 2004

Lam et al. 2013 + +

Larsen 2012 + +

Larsen et al. 2005 + + + +

Larsen et al. 2008 + + + + + +
LaScaleia et al. 2018 + +

Liberal et al. 2011 + +
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Abundance  Richness/Diversity ~Body mass/size  Resource relocation  Diel activity ~ Ecological functions  Food preference  Functional diversity =~ Wing loading/area  Stress physiological Body shape Movement  Genetic parameters
Lopes et al. 2011 + + +
Louzada et al. 2010a + + +
Louzada et al. 2010b + +
Marsh et al. 2018 + +
Martello et al. 2016 + + +
McGeoch et al. 2002 + +
Medina et al. 2002 + +
Moctezuma et al. 2016 + +
Molina et al. 1999 + +
Montoya-Molina et al. 2016 + +
Navarrete and Halffter 2008 + + + + + +
Neita and Escobar 2012 + + + +
Neves et al. 2010 + +
Nichols et al. 2013 + + + + +
Nielsen 2007 + + +
Niino et al. 2014 + + + +
Nyeko 2009 + + + +
Oldekop et al. 2012 + +
Peyras et al. 2013 + +
Pineda et al. 2005 + + + +
Pyrke et al. 2013 + +
Qie et al. 2010 + + + + +
Quintero and Halffter 2009 + + + + +
Quintero and Roslin 2005 + +
Reyes-Novelo et al. 2007 + + + + + +
Rodrigues et al. 2013 + +
Roque et al. 2017 + +
Ros et al. 2011 + + +
Salomdo & lannuzzi 2015 + +
Salomao& lannuzzi 2017 + +
Salomdo et al. 2018a + + +
Salomdo et al. 2018b + +
Séanchez-de-Jesus et al. 2015 + + +
Santos-Heredia et al. 2011 + + +
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Abundance  Richness/Diversity ~Body mass/size  Resource relocation  Diel activity ~ Ecological functions  Food preference  Functional diversity =~ Wing loading/area  Stress physiological Body shape Movement  Genetic parameters
Santos-Heredia et al. 2018 + + + +
Scheffler 2005 + + +
Schulze et al. 2004 + +
Shahabuddin 2010 + +
Shahabuddin et al. 2005 + + +
Shahabuddin et al. 2010 + +
Shahabuddin 2011 +
Shahabuddin et al. 2014 + +
Silva e Hernandez 2015 + + + + + +
Silva et al. 2010
Silva et al. 2013 + + +
Silva and Hernandez 2016 + + +
Silva et al. 2017
Silveira et al. 2015 + +
Simelane 2010 + + +
Slade et al. 2011 + + + + + +
Steenkamp and Chown 2006 + + + +
Tregidgo et al. 2010 + +
Ueda et al. 2015a + + +
Verdu et al. 2007
Viegas et al. 2014 + +
Vieira et al. 2008
Villada-Bedoya et al. 2017 + +
Vulinec et al. 2008 + + +
Vulinec 2000 + + + +
Vulinec 2002 + + + + + +
Vulinec et al. 2006 + + + + + +
Wassenaar et al. 2005 + +
Williams et al. 2017 + +
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CONSIDERACOES FINAIS

O objetivo geral desta tese foi fornecer uma melhor compreensio de como
modificacdes feitas pelo homem na paisagem influenciam a biodiversidade em regides de
florestas tropicais. Utilizando os escarabeineos como taxon focal, foram avaliadas as
alteracdes que ocorrem no grupo (tais como abundincia e riqueza de espécies,
composi¢do, grupos funcionais, caracteristicas morfologicas) em paisagens com
diferentes graus de cobertura florestal e densidade de borda e cobertura de pastagem. Para
fazer isso, foram amostrados escarabeincos em paisagens localizadas na Floresta
Atlantica do sul da Bahia, Brasil. Além disso, foi realizada uma revisdo completa da
literatura sobre as variaveis respostas utilizadas para escarabeineos em estudos de
modificacdo de habitat, o que ajudou a elucidar o estado da arte do uso de besouros
escarabeineos como indicadores ambientais bem como a identificar as principais lacunas
que poderao servir de base para futuros estudos.

Os resultados do primeiro estudo fornecem uma base sobre os efeitos da perda da
cobertura florestal sobre a diversidade de besouros escarabeineos na Floresta Atlantica,
um dos principais Aotspots globais de biodiversidade. Como conseqiiéncia da reducdo de
cobertura florestal, a perda de espécies de grupos funcionais distintos fornece sinais de
que diferentes funcdes ecossistémicas podem estar sendo negativamente afetadas. Além
disso, foi encontrado, no segundo estudo, que a densidade de bordas foi a principal
varidvel responsavel pelas mudancas na comunidade de escarabeineos. Entretanto, a
porcentagem de cobertura de floresta e pastagem em escala de paisagem também
influenciou significativamente varias respostas dos besouros. Estes resultados sugerem a
necessidade de estratégias de conservacdo e manejo voltadas para a protecdo da Floresta
Atlantica, que visem a promocdo da recuperacdo de cobertura florestal e redugdo na
cobertura de pastagens e densidade de bordas em nivel de paisagem.

A revis@o de literatura realizada no terceiro estudo permitiu acessar um amplo
nivel de detalhamento acerca das varidveis respostas utilizadas em estudos sobre
modificacdo de habitat, sendo abundéncia, riqueza de espécies e massa corporal as mais
utilizadas, ao passo que outras varidveis como parametros genéticos ¢ movimento ainda
sdo pouco exploradas. Reconhecendo que a selecdo das variaveis respostas ¢ um passo

crucial para avaliar os efeitos das alteragdes ambientais, além de indicar lacunas, foram



propostas solugdes para problemas enfrentados por diversos pesquisadores que utilizam
besouros escarabeineos para estudar os efeitos de mudangas ambientais.

Ao considerar estes trabalhos em conjunto, nota-se que o primeiro ¢ completado
pelo segundo e que o terceiro se destaca pelo detalhamento das variaveis respostas
utilizadas em estudos sobre modificacdo de habitats em florestas tropicais. Tal estratégia
no ultimo capitulo foi utilizada como forma de entender como as variaveis respostas estdo
sendo utilizadas neste grupo de besouros. O cumprimento dos objetivos dos estudos
realizados nesta tese serd ainda mais satisfatorio se as analises realizadas servirem como
parametro para a utilizagdo de ferramentas em estudos ulteriores acerca de modificacdo
de habitat em paisagens tropicais e influenciarem discussdes sobre estratégias para a

conservacao da biodiversidade, sobretudo com besouros escarabeineos.
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