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Abstract

Community structure is driven by mechanisms linked to environmental, spatial and temporal
processes, which have been successfully addressed using metacommunity framework.
The relative importance of processes shaping community structure can be identified using
several different approaches. Two approaches that are increasingly being used are func-
tional diversity and community deconstruction. Functional diversity is measured using vari-
ous indices that incorporate distinct community attributes. Community deconstruction is a
way to disentangle species responses to ecological processes by grouping species with
similar traits. We used these two approaches to determine whether they are improvements
over traditional measures (e.g., species composition, abundance, biomass) for identification
of the main processes driving dung beetle (Scarabaeinae) community structure in a frag-
mented mainland-island landscape in southern Brazilian Atlantic Forest. We sampled five
sites in each of four large forest areas, two on the mainland and two on the island. Sampling
was performed in 2012 and 2013. We collected abundance and biomass data from 100
sampling points distributed over 20 sampling sites. We studied environmental, spatial and
temporal effects on dung beetle community across three spatial scales, i.e., between sites,
between areas and mainland-island. The y-diversity based on species abundance was
mainly attributed to 3-diversity as a consequence of the increase in mean a- and 3-diversity
between areas. Variation partitioning on abundance, biomass and functional diversity
showed scale-dependence of processes structuring dung beetle metacommunities. We
identified two major groups of responses among 17 functional groups. In general, environ-
mental filters were important at both local and regional scales. Spatial factors were impor-
tant at the intermediate scale. Our study supports the notion of scale-dependence of
environmental, spatial and temporal processes in the distribution and functional organiza-
tion of Scarabaeinae beetles. We conclude that functional diversity may be used as a com-
plementary approach to traditional measures, and that community deconstruction allows
sufficient disentangling of responses of different trait-based groups.
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Introduction

Community ecology has advanced greatly in recent decades with the understanding that local
species diversity is jointly affected by ecological processes operating at different spatial scales
[1-3]. This occurs because environmental variables that shape communities differ in their
range of variation across spatial scales [4, 5]. The study of the relative importance of ecological
processes across different spatial scales in driving local communities is an issue of metacom-
munity theory [6, 7]. The term ‘metacommunity’ currently refers to a set of communities con-
nected by dispersal of potentially interacting species [6].

Four theoretical models have been proposed to characterize mechanistic processes operat-
ing in metacommunities: species sorting, patch dynamics, mass effects and neutral model [2, 6,
7]. These models consider two main issues: whether and how species respond to changes in en-
vironmental conditions, and whether species dispersal ability is limited, efficient or high [7, 8].
In heterogeneous environments, differences in local communities caused by environmental fil-
ters (e.g., quality and resources) and/or interactions between species characterize a metacom-
munity guided by species sorting [6]. High dispersal of individuals in heterogeneous
environments from source to sink areas may rescue populations in harsh environments (i.e.,
mass effects) [9]. In a homogeneous environment, competition-colonization trade-offs predict
that better competitors should exclude better colonists (i.e., patch dynamics) [6]. In an envi-
ronment with similar environmental conditions, a neutral metacommunity would be com-
posed of individuals of different species that are similar in their competitive ability, dispersal
and fitness; in this case speciation, extinction and dispersal limitation drives variation in local
community composition [10]. Mass effects and patch dynamics may be special cases of species
sorting, and metacommunities can be neutral or guided by species sorting with limited (patch
dynamics, sensu [6]), efficient (species sorting, sensu [6]) and high (mass effects, sensu [6]) dis-
persal [8]. However, a metacommunity may be structured by more than one paradigm [6], and
mechanisms may have greater or lesser importance depending on spatial scale [4]. A key issue
is to understand the relative roles of environmental and spatial processes [8].

Temporal turnover may be useful for identifying key processes structuring local communi-
ties, although different organisms may respond differently depending on the temporal scale
used [11]. This process in species abundance may have a crucial role in ecosystem functioning
[12], and needs to be taken into account when assessing environmental effects on biological
communities at different spatial scales. Thus, the main goal of metacommunity theory is to ex-
plain how the interaction between species dispersal ability and local dynamics influences the
structure of biological communities [13].

Over the last few decades, ecologists have developed a variety of ways to measure diversity
[14-21] for the purpose of understanding the ecological processes that create and sustain the
diversity of biological communities [14]. Spatial and/or temporal variation in the composition
and abundance of species between different sites (B diversity) produces a direct link between
diversity at the local scale (o diversity) and the species pool at the regional scale (y diversity)
[22, 23]. The importance of spatial processes has become increasingly clear in recent decades
due to greater understanding of how environmental heterogeneity and species dispersal ability
vary over space, thus promoting differential structuring of local communities depending
on scale.

In addition to studies of variation in species composition and abundance, alternative eco-
logical methods have recently been used to investigate community structure. Among them is
functional diversity based on species traits [24]. A trait is a measurable variable with the poten-
tial to affect the performance and fitness of a species [25]. The trait can be physical, biochemi-
cal, behavioral, and phenological or temporal, and in this sense, a species would consist of sets
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of individuals sharing similar traits [25, 26]. Traits determine when and where species can exist
and how they can interact with individuals of other species [26]. Species with similar responses
to the environment or similar effects on key ecosystem processes form functional groups [27].
Further, the sets of traits contained within species functional groups may be related to environ-
mental characteristics [28]. Functional diversity is the component of diversity that has the po-
tential to affect the functional dynamics of the ecosystem [29, 30], as well as ecosystem services
and processes [31-34]. The functional traits approach also provides a means by which to test
the mechanisms driving biological communities, because these mechanisms influence the fit-
ness of the species via the traits they possess [24]. Thus, diversity measures that incorporate
species traits may provide novel information on community structure and dynamics and eco-
logical processes beyond what can be determined from the traditional measures generally used
in ecology and conservation studies (e.g., composition, abundance and species richness) [26].

Community deconstruction is another method gaining in popularity [35-38], which parti-
tions species-by-site data into subgroups based on species traits. This enables categorizing spe-
cies into homogenous groups, which can facilitate interpretation of causal mechanisms for
species patterns observed in nature [39]. For example, generalist and/or common species gen-
erally exhibit broad environmental tolerance while specialist and/or rare species have a specific
or narrow tolerance to environmental variation [35, 37]. In general, studies on metacommu-
nities do not distinguish between species and groups of species, even though responses to the
environment and population dynamics may be distinct between these organizational levels
(e.g., dispersal ability, environmental tolerance) [35]. This approach can also be expanded to
other sets of species characteristics that influence life history, such as dispersal mode and body
size [38]; this information may provide a better understanding of the relative importance of
community structuring processes, particularly for some species groups. Furthermore, the use
of these approaches may aid our understanding of scale-dependence of some ecological pro-
cesses, and may help to determine whether the new methods contribute to our understanding
of community structure and the various processes involved.

The objective of this study is to identify the relative importance of environmental, spatial
and temporal processes in structuring dung beetle communities at three spatial scales in a
mainland-island scenario in Atlantic Forest in southern Brazil, using functional diversity and
community deconstruction approaches. As different indices of functional diversity take into
account different aspects of communities such as species richness, abundance and evenness
[24], we expect that they can serve as a proxy to test the effects of different ecological processes
on biological community structure. Deconstructing the entire community using species traits,
we expect to find different responses of these groups to different ecological processes [35]. The
Atlantic Forest, one of the world’s biodiversity hotspots, is the most endangered Brazilian eco-
system [40], with only roughly 12% of its original size remaining, which is highly fragmented
with a high degree of isolation, and with areas mostly in intermediate successional stages [41].
Due to the discontinuous distribution of fragments, the Atlantic Forest offers an interesting
model system for the study of ecological processes structuring communities at different spatial
scales. Dung beetles (Coleoptera: Scarabaeinae) are excellent model systems for such studies
[42, 43], due to ease of sampling with standardized, efficient and inexpensive protocols [44],
wide distribution, and high species richness and abundance in tropical regions [45]. These in-
sects respond quickly to anthropogenic environmental changes (e.g., destruction, fragmenta-
tion and isolation of forests) with notable changes in species composition, richness, and
abundance, and in functional guild proportions [46-50]. Moreover, their diversity is correlated
with other taxa, including mammals [48, 51, 52] and are involved in several ecological services
such as nutrient cycling, bioturbation (i.e., the displacement and mixing of soil and sediment
by animals or plants), secondary seed dispersal and parasite control [53]. Several dung beetle
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species that inhabit forests avoid distribution into open areas [54-56], and this behavior influ-
ences dispersal and colonization when the matrix is inhospitable. Although knowledge of dung
beetle dispersal ability is generally scarce, some studies suggest that factors such as sex, body
size and perching behavior are related to the movement capacity of these insects [57-59].

We sampled dung beetle communities at 20 sampling sites divided into four large areas of
Atlantic Forest, two on the island and two on the mainland in Santa Catarina, southern Brazil,
during the summers of 2012 and 2013. The sampling design is hierarchical and the landscape
discontinuous, thus it was possible to access the effect of different ecological processes (i.e. en-
vironmental filters, spatial structuring and temporal turnover) on dung beetle community
structure at three different spatial scales (i.e., sites, areas, mainland-island). We used indices of
functional diversity and also deconstructed the community into groups of species with similar
traits to test the following hypotheses: (i) dung beetle beta diversity will increase with spatial
scale; environmental filters will be most important at a local scale while spatial processes will
be most important at larger scales due to the dispersal limitation; (ii) functional diversity will
have a similar response to the effects of different ecological processes across spatial scales as do
traditionally used metrics (e.g., species composition, abundance, biomass); (iii) the deconstruc-
tion of community into groups of species with similar traits will show different responses ac-
cording to each functional group. We anticipate that trait-dependence will render some
functional groups more sensitive to environmental filters (e.g., rare, specialist, diurnal species),
and others more sensitive to spatial effects (e.g., common, generalist, nocturnal species) [60].
Opverall, these relatively recent approaches will increase the explanatory power of the models
and hence, our understanding of the primary mechanisms involved in the structuring of
biological communities.

Materials and Methods
Study area

The study sites consisted of four large Atlantic Forest areas in Santa Catarina state, southern
Brazil, two on the mainland (both on the east coast) and two on the island of Santa Catarina
(municipality of Floriandpolis) (Fig 1). The island of Santa Catarina has a total land area of
424 4 km? (54 km north-south, maximum of 18 km wide) and the distance between the main-
land and the island varies greatly (minimum 500 m, maximum ~10 km). On the mainland, one
study area lies within the Environmental Protection Area of Anhatomirim in Governador
Celso Ramos city (ANH, 27°25’'1”S, 48°34°25”W), and the other in a Permanent Protection
Area in the municipality of Itapema (ITA, 27°05°13”S, 48°35’54”W). On the island, one study
areas lies within the Lagoa do Peri Municipal Park (PER, 27°43°307S, 48°32’18”W) and the
other in the Permanent Protection Area of Ratones (RAT, 27°31°52”S, 48°30°45”W). According
to the Brazilian Forest Code (Law n°. 12.651/2012), permanent protection areas are sites with
characteristics that have the environmental function of preserving water, biodiversity re-
sources, and landscape and geological stability, and for facilitation of floral and faunal gene
flow. All sites sampled are near the Brazilian Atlantic coastline, and have dense rain forest vege-
tation [61] within the Atlantic Forest biome, with various levels of vegetation succession. Ac-
cording to the Koppen classification, the climate in the eastern region of Santa Catarina is Cfa,
humid subtropical (mesothermal) with no dry season and hot summers (mean 25°C), and well
distributed rainfall throughout the year (app. 1,500 mm annually) [61]. The distance between
sites is as follows: PER and RAT, 21 km; PER and ANH, 34 km; PER and ITA, 71 km; ANH
and RAT 13.5 km, ITA and RAT, 50 km; ANH and ITA, 37 km. Sampling site altitude ranged
between 28 and 265 m.
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Fig 1. Map of the four areas and schematic distribution of sites sampled (represented by letters A-E, unscaled distribution) in eastern Santa
Catarina, southern Brazil. ANH: Environmental Protection Area of Anhatomirim; ITA: Permanent Protection Area of Itapema; PER: Lagoa do Peri Municipal
Park; RAT: Permanent Protection Area of Ratones. Reprinted from [5] under a CC BY license, with permission from Pedro G. da Silva and Malva I. M.
Hernandez, original copyright 2014 (see S3 Fig). Figure is similar but not identical to the original image.

doi:10.1371/journal.pone.0123030.g001

Dung beetle sampling

We sampled Scarabaeinae dung beetles using baited pitfall traps made with plastic containers
(15 cm diameter x 20 cm depth) buried with the top edge at ground level, allowing beetles to
fall in. The traps were protected against rain using a small sheet supported by wooden sticks,
placed approximately 10 cm above the trap to prevent overflow. A mixture of water and neutral
detergent (300 ml) was added to each container to retain trapped beetles. Human feces and rot-
ting flesh (aged in plastic containers at room temperature three days prior to sampling) were
used as bait to attract dung beetles to attract both coprophagous and necrophagous species.
Approximately 30 g of each bait type was wrapped in thin cloth and tied in the central part of
the rain protection above the traps, preventing the insects from handling the baits. Collected
beetles were sorted and dried in an oven (60°C for 72 h), then weighed on a precision balance
(0.0001 g). Specimens were identified to species level by expert taxonomists (Dr. Fernando Vaz
de Mello, Universidade Federal de Mato Grosso, Cuiab4, Brazil and Dr. David Edmonds,
Marfa, Texas, USA) and deposited in the Entomological Collection of the Centro de Ciéncias
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Bioldgicas at the Universidade Federal de Santa Catarina, Brazil. Type specimens were donated
to the taxonomic experts for future reference.

The permission to collect dung beetles was issued by Instituto Chico Mendes de Conserva-
¢do da Biodiversidade (ICMBio/MMA, permit #32333-3 to MIMH) and Fundag¢io do Meio
Ambiente (FATMA-SC). The field study did not involve endangered or protected species. S1
Dataset provides the database of values for abundance and biomass of dung beetle species
across the study sites.

Sampling design

Samples were taken at five different forested (hillside) sites within each sampling area. Distance
among sites ranged between 300 m to several kilometers within each area. Each site contained
five pairs of traps spaced 5-10 m apart, each pair containing both bait types. The pairs of traps
were spaced 50 m apart, and were considered one sampling point. The traps remained in the
field for 48 h prior to beetle collection. We sampled a total of 100 points in 20 sites distributed
among the four areas. The samplings were carried out during the summer of 2012 and 2013
(January and February of both years), because of high temperatures, and it being the period of
greatest abundance of dung beetles in southern Brazil [62, 63]. Due to the spatial configuration
of our sampling design, the great distance between the four areas, and the effect of spatial dis-
continuity between the mainland and island, the sampling sites showed a hierarchical distribu-
tion. Thus, it was possible to investigate variation in dung beetle communities at three spatial
scales (or spatial levels [64]), i.e., mainland-island, between areas, and between sites. A full, de-
tailed description of the sampling design can be found in a previous work [5]. Sites represent
the local spatial scale, i.e., the smallest spatial extent in our study that encompasses five sam-
pling points. Areas represent the intermediate spatial scale with five sites per area. Mainland-is-
land represents the regional spatial scale, i.e., the largest spatial extent in our study that
encompasses two areas in each one.

Dung beetle traits

Dung beetle species were characterized in terms of four ecological attributes: food relocation
behavior (rollers, tunnelers or dwellers), diet (coprophagous, necrophagous or generalist), ac-
tivity period (diurnal, nocturnal or diurnal-nocturnal) and biomass (see S1 Table). Protocols
for trait assignments are described in S1 Appendix. We also obtained additional information
on dung beetle traits from the literature and from consultations with experts, when necessary.
These characteristics are widely used to identify the functional groups of Scarabaeinae species
and each one has a particular impact on the ecosystem functioning [65].

Food relocation behavior and nesting strategy may alter the relative success of larval and
adult dung beetles in modified forests due to abiotic and biotic changes [60]. Roller species
form the food source into a ball and roll it on the ground to another location for burial. These
species may be affected by differences in the physical structure of the forest floor [60] while
dwellers (which nest within the food resource at the site of discovery) are more susceptible to
environmental and climate changes. Tunneler species build their nests and bury portions of
food in tunnels beneath the resource.

Dung beetles have a broad diet, however most species have evolved to consume mammal
feces (coprophagy). Others prefer to eat carrion (necrophagy), and some consume decaying
plant matter (saprophagy). Some species are trophic specialists, mainly those that eat fruit or
fungi [66, 67]. Due to this variety of dietary preferences, differences in habitat structure may
alter food availability in ways that impact dung beetle community structure.
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Dung beetle activity is associated with daytime temperatures and humidity, and differences
in forest structure may negatively influence the level of activity of diurnal species [68]. Diurnal
species often have smaller body size [69, 70] while large-bodied species are often nocturnal
[71]. Dung beetle biomass in a given community is mainly derived from nutrients obtained
from mammal feces [72]. Individually, biomass can be used as a measure of body size. This
trait is positively correlated with dung removal and secondary seed dispersal for large-bodied,
nocturnal dung beetles [73, 74], an important ecosystem service provided by these insects.
Dung beetle size (and biomass) has been positively correlated with sensitivity to modification
[46] and fragmentation [75] of tropical forests. Large-bodied dung beetles show advantages in
food acquisition [76], with better competitive outcomes [77] and are also associated with high
dispersal rates [78]. We used these sets of traits to calculate four indices of functional diversity
(see Functional diversity section).

Explanatory variables

We measured 20 environmental variables related to habitat structure, to test their influence on
dung beetle community structure. Measurements were performed using the adapted point-cen-
tered quarter method [79]. Tree, shrub and soil environmental variables were measured in four
quadrants as follows: (1) circumference at breast height, (2) height, (3) top diameter, (4) dis-
tance away from the nearest tree to the center of cross, (5-8) same measures for trees up to 10
m distance, (9-12) same measures for shrubs, (13) land slope, (14) canopy cover, (15) percent-
age of leaf litter cover, (16) percentage of green cover, (17) percentage of exposed soil, (18)
height of leaf litter, (19) dry biomass of leaf litter, and (20) altitude. The material and methods
used to measure these variables are described in S2 Appendix. See also S2 Table for a summary
of environmental measures. Differences in environmental conditions (environmental variables
measured) among sampling sites is defined as environmental heterogeneity.

We used a method called Principal Coordinates of Neighbour Matrices [80] to create spatial
predictors using the create. MEM.model function [4] for the R 3.1.1 program [81], which is suit-
able for nested sampling designs [80]. This function produces a set of orthogonal spatial vari-
ables in a staggered matrix divided by blocks based on the geographical coordinates, number of
blocks (or groups of sites) and sampling sites in each block. Each block represents the hierar-
chical spatial distribution of the sampling points and different blocks receive a value of zero (0)
for each spatial variable created. These variables represent spatial relationships among the sam-
pling sites at different scales, and can be used as explanatory variables for community variation
[80]. The spatial variables can also represent spatial structures generated by biotic processes,
such as dispersal [82]. Dispersal is expected to be high in closest sites and low when sites are
more distant [83].

A dummy variable was used to represent different sampling years. Thus, we were able to
test and remove the temporal effect from environmental and spatial models when testing their
effects using variation partitioning techniques (see Variation partitioning section).

Data analysis

Diversity partitioning. An approach called ‘true diversity’ [17] has been used to partition
diversity into its different components in an additive or multiplicative way [18, 84]. We used
the additive partitioning approach (y = a. + Bl + B2 + B3) to estimate beta diversity at three spa-
tial scales for the entire dataset, different years and deconstruction approach (see Community
deconstruction section). Alpha (o) is the average species richness in local communities, while
gamma () refers to the total species richness observed in the entire set of samples. Each com-
ponent of beta diversity refers to different spatial scales: f1 = between sampling sites,
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B2 = between areas, B3 = between mainland-island. We used abundance data for the hierarchi-
cal analysis of diversity partitioning. We also conducted a separate analysis for functional
groups (see Variation partitioning section). These analyses were performed in Partition 3.0
program [85] using an individual-based randomization (N = 999). We used an algorithm to
test whether the observed diversity components could have been obtained by a random distri-
bution of individuals between samples at each spatial scale. The statistical significance is ob-
tained by determining the proportion of null values (created by the randomization procedure)
that are greater or smaller than the observed values [85].

Functional diversity. We used dung beetle traits important for ecosystem functioning to
calculate functional diversity, such as food relocation behavior, diet, activity period and dry
biomass [60, 65, 86]. We calculated four indices of functional diversity: functional richness
(FRic), functional evenness (FEve), functional divergence (FDiv) and functional dispersion
(FDis) [87, 88]. FRic is based on the volume of a multidimensional functional space occupied
by the species present in a community, and is measured as a convex hull volume [88]. FEve rep-
resents the evenness of species abundance distribution in the functional space [88]. FDiv de-
scribes how species abundance is spread within the volume of functional trait space occupied
by species [88]. FDis is the average distance of the species to the centroid of all species in the
multidimensional trait space [87]. Functional diversity analyses were performed with the dbFD
function using the FD package [89] for R 3.1.1 program [81].

Community deconstruction. To assess the effect of the deconstruction of community
data we used the variation partitioning procedure (see Variation partitioning section) in differ-
ent datasets. Based on sets of ecological traits used to calculate the functional diversity, we de-
composed the abundance dataset into groups of species. We decomposed the community
dataset based on the food relocation behavior (rollers and tunnelers; dwellers are represented
by only two species, so we could not use the variation partitioning procedure for this group),
diet (coprophages, necrophages and trophic generalists), activity period (diurnal, nocturnal
and diurnal-nocturnal), body size (small, medium and large beetles: species with < 10 mg of
dry biomass are classified as small, 10-100 mg as medium, and > 100 mg as large [90]).

We also used combinations of food relocation behavior and body size to create new func-
tional groups. Thus, we created four additional groups: large-sized tunnelers, medium-sized
tunnelers, large-sized rollers, and medium-sized rollers. Other groups were represented by only
one or two species, and thus were not used in the analyses. Combinations of diet and activity
period were not used because we expect that these traits are least important for ecosystem func-
tions provided by these beetles. In addition, the majority of dung beetles were attracted to feces
(coprophages and trophic generalists) and these resources are both spatially and temporally
unpredictable, so the division into trophic categories seems to be less important with respect to
ecological functions.

Furthermore, we decomposed the entire metacommunity based on species occurrence to
test the prediction that common species are mainly affected by dispersal limitation while rare
species are mainly affected by environmental filters [37, 91]. We used the inflection point crite-
rion to define common and rare species [37]. With this approach, we examined a rank abun-
dance curve and used the inflection point of the curve (the region where the curvature
changes) to separate common and rare species. We used non-logarithmic abundance values
and visually defined the inflection point (see S1 Fig). Thus, species on the left side were classi-
fied as common, and those on the right side as rare.

Variation partitioning. To test the effect of different sets of predictors on community ma-
trix variation (abundance, biomass, functional diversity, and functional groups) we used a par-
tial redundancy analysis (pPRDA) [80] to partition the total variation of response matrices into
environmental, spatial and temporal fractions. Despite being criticized [92, 93], variation
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partitioning has been used in the study of metacommunities for a long time (e.g., [35, 37, 83,
94, 95]). The pRDA allows decomposition of the total variation into fractions that indicate the
relative importance of pure environmental predictors, pure spatial predictors, pure temporal
predictors, shared portions of variation, and unexplained variation [96]. The analyses of com-
munity matrices were performed after Hellinger transformation [97]. We tested for a linear
spatial trend and found a significant longitudinal and latitudinal trend for dung beetle abun-
dance data (longitude: F = 22.681, P = 0.001; latitude: F = 5.509, P = 0.001) and biomass (longi-
tude: F = 5.412, P = 0.001; latitude: F = 25.433, P = 0.001). We also found a significant
longitudinal trend for dung beetle functional diversity (F = 4.040, P = 0.015). Thus, all datasets
were detrended prior to analyses [80].

For each analysis, a subset of explanatory variables was selected using the forward selection
method [98] in order to avoid Type I error and overestimation of the explained variance. This
procedure is performed in two steps. First, a model using all explanatory variables is tested, and
the analysis continues if the result is significant (P < 0.05). After this step, we checked the vari-
ance inflation factor (VIF) to identify collinear variables. Variables with higher VIF > 20 were
removed [80]. Next, if the result is significant, the selection of variables continues considering
the significance level of each explanatory variable, and the adjusted coefficient of multiple de-
termination (R’,q;, or data variation explained by the model) is calculated using all variables
(i.e., the full model). If these criteria are not reached, the variables are non-significant and the
analysis is terminated. Variable selection was performed separately for spatial and
environmental data.

For the functional diversity dataset we conducted a distance-based approach [95] using Eu-
clidean distance, since several functional diversity indices were correlated with species richness.
The proportion between the number of species and number of individuals of each functional
group can be found in S2 Fig The analyses were performed using R 3.1.1 software [81] and
PCNM and packfor packages [99].

Results
General results

We sampled a total of 5,794 individuals, belonging to 28 species of Scarabaeinae dung beetles
(3,004 individuals and 21 species in 2012; 2,790 individuals and 24 species in 2013, see S3
Table). The largest number of individuals was found on the island (N = 3765). The mainland
showed the greatest species richness (S = 22). Among areas, Ratones had the largest number of
species (20) and individuals (2,438), while Anhatomirim had the lowest values (S = 13,

N =975). Four species (Dichotomius sericeus, Canthon rutilans cyanescens, Canthidium aff. tri-
nodosum, and Deltochilum morbillosum) accounted for 77% of total dung beetle abundance.
Only seven species were shared between all sample sites. Four species (Dichotomius sericeus,
Coprophanaeus saphirinus, Canthon rutilans cyanescens, and Deltochilum multicolor) ac-
counted for 83% of the total dung beetle biomass.

Patterns of beta diversity across spatial scales

The total y-diversity (over two years) was mainly attributed to B-diversity (Fig 2). This was a
consequence of the increase in mean a-diversity and B-diversity between areas over the years.
The total diversity percentage explained by all B-components was 58.6% (57.8% in 2012 and
55.8% in 2013), of which 18.4% (app. five species) was between sites (B1), 15.2% (app. four spe-
cies) between areas (2), and 25.0% (seven species) between the mainland and the island (B3).
The total a-diversity was higher than expected by chance (P < 0.05) and comprised 41.4% of
the total dung beetle species richness, with an average of 12 observed species from the total y-
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Fig 2. Full hierarchical analysis of diversity partitioning for composition of dung beetles. a = average
local diversity, B1 = diversity among sites, 32 = diversity among areas, 33 = diversity among mainland-island.
The observed partitions (Obs) are compared with the expected values (Exp) as predicted by the null model
based on 999 randomizations. Black star: Exp < Obs, p < 0.05. Black cross: Exp > Obs, p < 0.05.

doi:10.1371/journal.pone.0123030.g002

diversity of 28 species. The o-diversity of pooled 2012 and 2013 data was also higher than ex-
pected. The contribution of B-diversity was always higher for 3 and Bl components. Only the
observed B-diversity between the mainland and the island was higher than expected by chance.
The observed B1-component was nearly always half of the expected. Only B-diversity between
areas was equal to the expected value, and always had the lowest contribution to B-diversity
among hierarchical levels.

Diversity partitioning of functional groups showed different responses (Fig 3). Out of 17
groups, seven showed greater o.-diversity components compared to -diversity components.
The o-component accounted for 90.7% for common species. Medium-sized rollers, necro-
phages, diurnal species, rollers, large rollers and diurnal-nocturnal species also had high o-di-
versity. The o-component, however, was always lower than expected by chance.

The highest values of all B-components were found among nocturnal, rare and copropha-
gous dung beetles. Medium-sized tunnelers, medium-sized, tunnelers, generalists, large-sized
tunnelers, large-sized, and small-sized dung beetles also showed higher 3-components. In gen-
eral, the f3-component had the largest values followed by f1-component, with the exception
of medium-sized dung beetles. The B3-component accounted for on average 24.2% of the di-
versity of these functional groups, and was higher than expected by chance for most groups.
For medium-sized tunnelers, the f3-component accounted for 70% of the diversity variation.
On the other hand, for common species and necrophages it accounted for only 7.1%.
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Environmental, spatial and temporal effects on community variation

Traditional vs functional diversity measures. Variation partitioning for abundance, bio-
mass and functional diversity showed scale-dependence of processes structuring dung beetle
communities using a two-year dataset (Fig 4). At the regional scale (i.e., mainland-island scale)
we found a higher and significant environmental effect, followed by spatial and temporal ef-
fects that together accounted for 11.9% of abundance variation at this scale (Table 1, Fig 4A).
Variation partitioning using biomass data showed the same pattern, but with increased spatial
and temporal effects (Table 1, Fig 4A). The explained community variation was also higher,
14.4%. For functional diversity, only environmental effects were important, explaining 7.3% of
variation at this scale (Table 1, Fig 4A).

At the area scale (i.e., intermediate scale), environmental, spatial and temporal models ex-
plained significantly variation in abundance (20.7%) and biomass (21.8%) of dung beetles
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Fig 4. Variation partitioning of the whole dung beetle community (abundance and biomass), the set of
functional diversity indices and of communities delimited by their food relocation behavior, diet,
activity period, body size, rarity, relocation behavior and size combined across three spatial scales:
mainland-island (A), areas (B) and sites (C). Env: pure environmental fraction, Spa: pure spatial fraction,
Temp: pure temporal fraction, Sha: shared fraction (all other fractions summed). Right portion after dashed
line represents the community deconstruction approach.

doi:10.1371/journal.pone.0123030.g004
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Table 1. Results of the partial redundancy analysis for the abundance, biomass and functional diversity of the dung beetle community, and for
functional groups composed of food relocation behavior, diet, activity period, body size, rarity, relocation behavior and size combined at the main-

land-island scale.

PGEnv PGSpa PGTem Env Sel

Normal approach

Abundance 0.001 0.001
Biomass 0.001 0.001
Functional 0.005 0.297
diversity

Deconstruction approach?
Rollers 0.001 0.250
Tunnelers 0.002 0.001

Coprophages 0.043 0.010
Necrophages 0.001 0.045

Generalists 0.001 0.003
Diurnal 0.001 0.030
Nocturnal 0.001 0.001
Diurnal- 0.002 0.043
Nocturnal

Large 0.001 0.001
Medium 0.001 0.213
Small 0.026 0.033
Common 0.001 0.005
Rare 0.012 0.001
Large 0.001 0.001
tunnelers

Medium 0.219 0.969
tunnelers

Large rollers 0.002 0.090
Medium rollers  0.001 0.236

0.002

0.001

0.457

0.512
0.010

0.182
0.016
0.136
0.008
0.006

0.394

0.002

0.599
0.047
0.017

0.009

0.004

0.001

0.201
0.806

ALT, GC,
GTD

ALT, TH,
GC, TTD,
GTH

ALT, LS, GC

ALT, GTD

ALT, TH,
LLB

ALT
ALT
ALT, GC, TD
ALT

ALT, TD,
LLB

ALT, GTD,
LL

ALT, TH,
TTD, GC

ALT, GTD
ALT, GTH

ALT, GC,
GTD

ALT, GTBA,
GTTD

ALT, TH

ALT, GTBA
ALT, GTD

Spa
Sel

Tem
Sel 5

adj
1 0.082
1 0.076
- 0.073
- 0.068
1 0.065
- 0.039
1 0.062
- 0.103
1 0.104
1 0.055
- 0.071
1 0.080
- 0.078
- 0.047
1 0.100
1 0.027
1 0.055
1 -
- 0.089
i 0.085

E|S+T

F

7.072

4.474

6.017

8.207
5.808

9.200
14.375
8.922
24.328
5.315

6.108

5.575

9.447
5.962
8.498

2.852

7.251

10.741
10.236

P

0.001

0.001

0.001

0.001
0.001

0.001
0.001
0.001
0.001
0.001

0.001

0.001

0.001
0.001
0.001

0.001

0.001

0.001
0.001

2
R adj

0.027

0.041

0.041

0.026
0.018
0.030

0.070
0.019

0.047

0.006
0.012

0.021

0.073

S|E+T

F

3.954

4.067

5.509

3.779
2.927
4.411

6.460

5.184

6.322

2.156
3.662

5.414

9.312

P

0.001

0.001

0.001

0.006
0.004
0.002

0.001

0.003

0.001

0.102
0.002

0.001

0.001

2
R4

0.010

0.018

0.012

0.012

0.015
0.018

0.020

0.010
0.009
0.018

0.036

TIE+S

F

3.237

5.105

3.661

3.538

4.345
5.218

5.476

3.119

2.821

5.139

8.510

P

0.001

0.001

0.009

0.004

0.002
0.001

0.001

0.008

0.008

0.004

0.001

PGEnv: P-values of the global environmental models, PGSpa: P-values of the global spatial models, PGTem: P-values of the global temporal models, Env

Sel: selected environmental variables, Spa Sel: selected spatial variables, Tem Sel: selected dummy variable, Ffzad,-: data variation explained by the

model, E | S + T: pure environmental model, S | E + T: pure spatial model, T | E + S: pure temporal model. P-values lower than 0.05 are indicated in bold.
TALT: altitude; GC: green cover; GTBA: greater tree basal area; GTD: greater tree distance; GTH: greater tree height; GTTD: greater tree top diameter;
LL: percentage of leaf litter; LLB: leaf litter biomass; LS: land slope; TD: tree distance; TH: tree height; TTD: tree top diameter.
2Food relocation behavior: rollers and tunnelers; Diet: coprophages, necrophages and trophic generalists; Diel activity: diurnal, nocturnal and diurnal-
nocturnal; Body size: large, medium and small; Rarity: common and rare; Combined functional groups: large tunnelers, medium tunnelers, large rollers

and medium rollers.

doi:10.1371/journal.pone.0123030.t001
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(Table 2, Fig 4B). However, the spatial model was always more important, and the shared frac-
tion also explained a part of total variation for both datasets. At this scale, we found a higher
and significant environmental and spatial effect on functional diversity, which alone explained
10% of the data variation (Table 2, Fig 4B). Spatially structured environmental variation also
was important for functional diversity at this spatial scale.

At the site scale (i.e., local scale), we found stronger environmental effects on biomass and
abundance data (Table 3, Fig 4C). Environmental variables explained 8.3% and 8.6% of abun-
dance and biomass variation, respectively. Temporal effects were also important at this scale,
but explained only 1% and 1.8% of abundance and biomass, respectively (Table 3, Fig 4C). Spa-
tial effects were not important for any community dataset. For functional diversity, only the en-
vironmental model was important at this scale (Table 3, Fig 4C).

Altitude, green cover and greater tree distance were the environmental variables selected to
compose the environmental model to explain the variation in abundance data, while altitude,
tree height, green cover, tree top distance and greater tree height were selected to explain the
variation in biomass data. For functional diversity, the environmental variables selected were
altitude, land slope and green cover.

Deconstructed communities. Variation partitioning of deconstructed communities into
species groups with similar traits showed a variety of responses to environmental, spatial and
temporal effects (Fig 4). In general, functional groups from a given category (e.g., relocation be-
havior, activity period, body size) did not show the same response. We were able to identify
four response groups (functional groups with similar responses to environmental, spatial and
temporal variables) at the regional scale (Table 1). In the first response group, tunnelers and
necrophages, as well as nocturnal, large-sized, common, rare, and large-tunneler species were
all influenced by environmental, spatial and temporal models. Environmental effects were
more important than spatial and temporal effects for most functional groups, with the excep-
tion of nocturnal and large tunneler beetles, which were more influenced by spatial effects. The
environmental model explained 10% of the variation for common species. The spatial model
was more important for large tunneler species, and explained 7.3% of variation. Among these
response groups, nocturnal beetles showed the highest total variation explained value (16.5%).
The second response group was formed by functional groups that were only influenced by en-
vironmental and spatial models. The environmental model was highest for all functional
groups. Trophic generalist species showed the highest total explained value of variation
(14.5%) and environmental model accounted for 10.3%. Coprophages, diurnal-nocturnal spe-
cies and small-sized species were part of this response group. The third response group was
composed of functional groups that were only influenced by environmental variables. Rollers,
medium-sized species, large-sized rollers and medium-sized rollers were part of this response
group. Among these, large rollers showed the highest explained value of variation (8.9%). The
fourth response group was formed by remaining functional groups that showed differential re-
sponses to explanatory models. Diurnal beetles were influenced by environmental (10.4% of
variation) and temporal (1.5% of variation) factors, while medium-sized tunnelers were influ-
enced only by temporal factors (3.6%).

At the intermediate scale, we found a higher spatial effect for most functional groups
(Table 2, Fig 4). Only diurnal, medium-sized, and medium rollers showed a higher environ-
mental effect. We could find three distinct response groups at this scale. The first response
group is formed by functional groups where environmental, spatial and temporal effects were
important. Tunnelers, necrophages, diurnal, nocturnal, large-sized, common, rare and large
tunneler species were part of this response group. Among these, the spatial model explained
20.9% of large tunneler variation. The greatest amount of variation explained among all models
was found for nocturnal dung beetles with 29.2% of the total variation. The second response
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Table 2. Results of the partial redundancy analysis for the abundance, biomass and functional diversity of the dung beetle community, and for
functional groups composed of food relocation behavior, diet, activity period, body size, rarity, relocation behavior and size combined at the area

scale.
PGEnv PGSpa PGTem Env Sel' Spa Tem E|S+T S|E+T T|E+S
Sel Sel ” > >
adj F P R F P R F P
Normal approach
Abundance 0.001 0.001 0.003 ALT, GC, 13, 4, - 0.047 4788 0.001 0.115 5.053 0.001 0.011 3.599 0.002
GTD 5,10,
6,1,12
Biomass 0.001 0.001 0.001 ALT, TH, 54,6, - 0.045 3.202 0.001 0.115 5.728 0.001 0.019 5.622 0.001
GC, TTD, 10, 13,
GTH 1
Functional 0.001 0.003 0.449 ALT, LS, 10, 5, - 0.039 3.698 0.003 0.027 2.899 0.003 - - -
diversity GC 13
Deconstruction approach?
Rollers 0.001 0.001 0.543 ALT,GTD 1,13, - 0.043 5.708 0.001 0.051 2.640 0.001 - - -
4,6,5,
14,10
Tunnelers 0.001 0.001 0.017 ALT, TH, 54,6, 1 0.038 4.235 0.001 0.159 9.150 0.001 0.013 4.231 0.005
LLB 13, 1
Coprophages  0.037 0.020 0.177 ALT 13, 1 - 0.017 4593 0.011 0.032 4.463 0.003 - - -
Necrophages  0.001 0.001 0.014 ALT 51,6, 1 0.018 5.116 0.002 0.108 5.328 0.001 0.012 3.927 0.004
4,13,9
Generalists 0.001 0.001 0.132 ALT, GC, 13,10, - 0.054 5475 0.001 0.106 6.348 0.001 - - -
TD 4,6,12
Diurnal 0.001 0.001 0.007 ALT 13, 5, 1 0.060 15.172 0.001 0.054 4.234 0.001 0.015 4.630 0.001
1,4
Nocturnal 0.001 0.001 0.006 ALT, TD, 13, 6, 1 0.085 4.190 0.002 0.197 11.837 0.001 0.019 6.151 0.001
LLB 5,4,12
Diurnal- 0.001 0.001 0.355 ALT, GTD, 1,86, - 0.025 2936 0.001 0.097 4.809 0.001 - - -
Nocturnal LL 13, 5,
4,9
Large 0.001 0.001 0.003 ALT, TH, 56,4, 1 0.044 3.876 0.001 0.162 8.091 0.001 0.021 6.329 0.001
TTD, GC 1,2,7
Medium 0.001 0.011 0.597 ALT,GTD 13,14, - 0.057 7.280 0.001 0.029 2.623 0.003 - - -
10, 6
Small 0.030 0.002 0.048 ALT, GTH 13,1 - 0.024 3.719 0.012 0.067 8.479 0.001 - - -
Common 0.001 0.001 0.013 ALT, GC, 13, 5, 1 0.060 5.935 0.001 0.120 5.352 0.001 0.010 3.558 0.004
GTD 4,10,
1,6,9
Rare 0.011 0.001 0.007 ALT, 4,13, 1 0.014 1976 0.009 0.056 3.027 0.001 0.009 2.930 0.004
GTBA, 6, 1,5,
GTTD 3
Large 0.001 0.001 0.006 ALT, TH 54,6, 1 0.010 2.286 0.037 0.209 15.244 0.001 0.019 6.114 0.001
tunnelers 13
Medium 0.262 0.574  0.001 - - 1 - - - - - - 0.036 8.510 0.001
tunnelers
Large rollers 0.004  0.001 0.192 ALT, 1,6,4, - 0.066 8.871 0.001 0.097 5.691 0.001 - - -
GTBA , 15
(Continued)
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Table 2. (Continued)

PGEnv PGSpa PGTem Env Sel Spa Tem E|S+T S|E+T T|E+S
Sel Sel
R’ F P R%4 F P R%4 F P
Medium 0.001 0.009 0.790 ALT,GTD 13,14, - 0.063 7.980 0.001 0.024 2792 0.005 - - -
rollers 10

PGEnv: P-values of the global environmental models, PGSpa: P-values of the global spatial models, PGTem: P-values of the global temporal models, Env
Sel: selected environmental variables, Spa Sel: selected spatial variables, Tem Sel: selected dummy variable, Rzadj: data variation explained by the
model, E | S + T: pure environmental model, S | E + T: pure spatial model, T | E + S: pure temporal model. P-values lower than 0.05 are indicated in bold.
TALT: altitude; GC: green cover; GTBA: greater tree basal area; GTD: greater tree distance; GTH: greater tree height; GTTD: greater tree top diameter;
LL: percentage of leaf litter; LLB: leaf litter biomass; LS: land slope; TD: tree distance; TH: tree height; TTD: tree top diameter.

2Food relocation behavior: rollers and tunnelers; Diet: coprophages, necrophages and trophic generalists; Diel activity: diurnal, nocturnal and diurnal-
nocturnal; Body size: large, medium and small; Rarity: common and rare; Combined functional groups: large tunnelers, medium tunnelers, large rollers

and medium rollers.

doi:10.1371/journal.pone.0123030.t002

group was formed by rollers, coprophages, trophic generalists, diurnal-nocturnal species,
small, medium and large sized species, and medium-sized rollers, which were influenced only
by environmental and spatial models. Only medium-sized and medium-sized roller species
showed a higher explained value of variation by environmental models. The third response
group was composed of medium-sized tunnelers, which showed different responses. Tunneler
species were influenced only by temporal factors (3.6%). At this scale, the shared fraction was
very important for most functional groups, showing a large amount of spatially structured en-
vironmental variation within the four areas sampled.

At the local scale, only the environmental and temporal models were important for the vari-
ation in community data (Table 3, Fig 4). We could identify two main response groups at this
scale: those that are influenced only by environmental variables, and those influenced by envi-
ronmental and temporal variables. Rollers, coprophages, trophic generalists, diurnal-nocturnal
species, medium-sized species, and large and medium rollers were influenced only by environ-
mental variables. Among these, the highest explained value was found for generalist species,
where the environmental model accounted for 11.5% of the variation in the data. Both environ-
mental and temporal factors influenced tunnelers and necrophages, as well as diurnal, noctur-
nal, large-sized, small-sized, common, rare, and large tunneler species. The temporal models
always had lower values than the environmental models. Among these response groups, diur-
nal beetles had the greatest explained value and the environmental model accounted for 10.4%
of variation in the data set. The shared fraction was not important at this scale, showing
negative values.

Taking into account the responses of functional groups across the three spatial scales stud-
ied, we identified the occurrence of two major groups of responses (Table 4). The occurrence
of significant temporal effect at any spatial scale was used to separate the two major response
groups. Each response group was divided into two subgroups according to the variation in the
relative importance of environmental, spatial and temporal models, and a brief summary of the
relative importance of explanatory models according to each functional group is provided
(Table 4). We found few shared dung beetle species for most functional groups (see S1 Table),
which demonstrates support for independence of group responses to environmental, spatial
and temporal effects.

The variables that comprised the environmental models differed among response groups.
However, altitude was included as a variable in all models. Greater tree basal area, greater tree
distance, greater tree height, green cover, leaf litter biomass, percentage of leaf litter, tree
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Table 3. Results of the partial redundancy analysis for the abundance, biomass and functional diversity of the dung beetle community, and for
functional groups composed of food relocation behavior, diet, activity period, body size, rarity, relocation behavior and size combined at the site

scale.

Normal approach

Abundance
Biomass

Functional
diversity

Deconstruction approach?®

Rollers
Tunnelers
Coprophages
Necrophages
Generalists
Diurnal
Nocturnal

Diurnal-
Nocturnal

Large

Medium
Small
Common
Rare

Large tunnelers

Medium
tunnelers

Large rollers
Medium rollers

PGEnv PGSpa PGTem Env Sel' Spa Tem E|S+T S|E+T T|E+S
Sel Sel
R%4 F P R%4 F P R%4q F P
0.001 0.999 0.004 ALT, GC, GTD - 1 0.083 6.996 0.001 - - - 0.010 3.141 o0.001
0.001 1.000 0.002 ALT, TH, GC, - 1 0.086 4.793 0.001 - - - 0.018 4.872 0.001
TTD, GTH
0.005 0.968  0.440 ALT, LS, GC - - 0.073 6.017 0.001 - - - - - -

0.001
0.001
0.041
0.001
0.001
0.001
0.001
0.003

0.001

0.001
0.022
0.001
0.008

0.001
0.267

0.007
0.001

0.959
0.956
0.160
0.985
1.000
0.541
1.000
0.988

0.999

0.922
0.579
1.000
0.978

1.000
0.431

0.774
0.946

0.546
0.015
0.169
0.009
0.138
0.006
0.005
0.381

0.002

0.597
0.048
0.008
0.013

0.005
0.001

0.182
0.798

ALT, GTD = > 0.068 8.207 0.001 - = = = = =
ALT, TH, LLB = 1 0.067 5.763 0.001 - - - 0.012 3.500 0.010
ALT - - 0.040 9.373 0.001 - = ° = = =
ALT - 1 0.062 14.228 0.001 - - - 0.012 3.470 0.006
ALT, GC, TD - - 0.115 9.649 0.001 - = = = = =
ALT - 1 0.104 24.328 0.001 - - - 0.015 4.345 0.003
ALT, TD, LLB - 1 0.078 6.706 0.001 - - - 0.018 4.814 0.002
ALT, GTD, LL - - 0.068 5.832 0.001 - = = = = =
ALT, TH, TTD, - 1 0.082 5.506 0.001 - - - 0.019 5.191 0.002
GC

ALT, GTD = = 0.078 9.447 0.001 - = = = = =
ALT, GTH = 1 0.055 6.805 0.001 - - - 0.010 3.070 0.037
ALT, GC, GTD = 1 0.102 8.590 0.001 - - - 0.009 3.077 0.007
ALT, GTBA, - 1 0.030 3.055 0.001 - - - 0.009 2.758 0.004
GTTD

ALT, TH = 1 0.055 6.900 0.001 - - - 0.018 4.737 0.004
= = 1 = = = = - - 0.036 8510 0.001
ALT, GTBA - - 0.089 10.741 0.001 - = = = = =
ALT, GTD = > 0.085 10.236 0.001 - = = = = =

PGEnv: P-values of the global environmental models, PGSpa: P-values of the global spatial models, PGTem: P-values of the global temporal models, Env
Sel: selected environmental variables, Spa Sel: selected spatial variables, Tem Sel: selected dummy variable, Rzadj: data variation explained by the
model, E | S + T: pure environmental model, S | E + T: pure spatial model, T | E + S: pure temporal model. P-values lower than 0.05 are indicated in bold.
TALT: altitude; GC: green cover; GTBA: greater tree basal area; GTD: greater tree distance; GTH: greater tree height; GTTD: greater tree top diameter;
LL: percentage of leaf litter; LLB: leaf litter biomass; LS: land slope; TD: tree distance; TH: tree height; TTD: tree top diameter.

2Food relocation behavior: rollers and tunnelers; Diet: coprophages, necrophages and trophic generalists; Diel activity: diurnal, nocturnal and diurnal-
nocturnal; Body size: large, medium and small; Rarity: common and rare; Combined functional groups: large tunnelers, medium tunnelers, large rollers

and medium rollers.

doi:10.1371/journal.pone.0123030.t003

distance, tree height, and tree top diameter were the variables that comprised the environmen-
tal models, yet they did not show any pattern among the aforementioned groups.

Comparing the responses of different community datasets (functional groups) with abun-
dance response, we found that data on nocturnal, large-sized, large-tunnelers, trophic general-
ist, and common species, as well as biomass, showed higher explained values of variation than
did abundance at the regional scale (Fig 4). At the intermediate scale, nocturnal, large-sized
tunneler, large-sized, tunneler, common, and trophic generalist species and biomass had higher
overall explained value of variation than did abundance alone (Fig 4). At the local scale, the
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Table 4. Summary of the relative importance of explanatory models according to the different com-
munity datasets, and according to each functional group across the spatial scales studied. Groups
were formed by similar responses.

Datasets Increasing spatial scale Group'/
Subgroup
Sites Areas Mainland-Island

Abundance Env + Tem Spa + Env + Tem Env + Spa + Tem - -
Biomass Env + Tem Spa + Env + Tem Env + Spa + Tem - -
Functional diversity Env Env + Spa Env - -
Common Env + Tem Spa + Env + Tem Env + Spa + Tem G2 SG1
Coprophages Env Spa + Env Env + Spa G1 SG2
Diurnal Env + Tem Env + Spa + Tem Env + Tem - -
Diurnal-Nocturnal Env Spa + Env Env + Spa G1 SG2
Generalists Env Spa + Env Env + Spa G1 SG2
Large Env + Tem Spa + Env + Tem Env + Spa + Tem G2 SG1
Large rollers Env Spa + Env Env G1 SG1
Large tunnelers Env + Tem Spa + Env + Tem Spa + Env + Tem G2 SG2
Medium Env Env + Spa Env G1 SG1
Medium rollers Env Env + Spa Env G1 SG1
Medium tunnelers Tem Tem Tem - -
Necrophages Env + Tem Spa + Env + Tem Env + Spa + Tem G2 SG1
Nocturnal Env + Tem Spa + Env + Tem Spa + Env + Tem G2 SG2
Rare Env + Tem Spa + Env + Tem Env + Spa + Tem G2 SGi1
Rollers Env Spa + Env Env G1 SG1
Small Env + Tem Spa + Env Env + Spa - -
Tunnelers Env + Tem Spa + Env + Tem Env + Spa + Tem G2 SG1

Env: pure environmental model, Spa: pure spatial model, Tem: pure temporal model, G: group,

SG: subgroup.

'G1: response group more influenced by environmental than spatial processes, and not influenced by
temporal processes; SG1 (G1): subgroup where spatial effects were important only at the intermediate

scale; SG2 (G1): subgroup where spatial effects were important at the intermediate and regional scales,
being spatial effects more important than environmental ones at the intermediate scale; G2: response
group also influenced by environmental, spatial and temporal processes; SG1 (G2): subgroup where
spatial effects were more important than environmental and temporal ones at the intermediate scale, and
environmental effects were more important than other at the regional scale; SG2 (G2): subgroup where
spatial effects were more important than environmental and temporal ones at the intermediate and
regional scales.

doi:10.1371/journal.pone.0123030.t004

functional groups that had higher explained values than abundance were trophic generalists,
diurnal, nocturnal, common, and large-sized species, and biomass (Fig 4). In general, data on
nocturnal species, trophic generalists, large-sized and common species, and biomass showed
higher explained values of variation than did abundance at all three spatial scales studied.
Large tunnelers also had the highest values at regional and intermediate spatial scales.

Discussion

Our results show that environmental, spatial and temporal processes play different roles in
structuring species composition in Scarabaeinae metacommunities. However, the relative im-
portance of these processes depends on spatial scale and the community dataset (or species
groups) analyzed. Several ecological processes are scale-dependent, showing spatial and
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temporal differences from local to continental scales [100, 101], and there is a large body of evi-
dence that supports this claim for several groups of organisms in different ecosystems (e.g., [4,
5,83, 102, 103]). Besides improving our knowledge of scale-dependence of ecological processes
in Scarabaeinae metacommunities, our study was able to identify similar responses of function-
al groups with different species composition and sets of traits. Our results also show that func-
tional diversity metrics are appropriate for the investigation of different ecological processes
over increasing spatial scales.

Abundance and biomass data were influenced in the same way by different sets of predictors
across spatial scales. At the local scale, environmental and temporal predictors were important.
Spatial factors were most important at the intermediate scale, i.e. within areas. Contrary to our
expectations and consistent with some other studies, there was a greater environmental than
spatial effect at larger spatial scales [4]. These results demonstrate that some environmental
variables may show a large spatial variation that can affect species distribution both locally and
regionally. At intermediate spatial scales, environmental filters were less important, and spatial
processes other than dispersal limitation were more important in structuring dung
beetle communities.

Dung beetle biomass is mainly derived from nutrients obtained from mammal feces [72].
Biomass can be used as a measure of beetle body size, which is a trait positively correlated with
the ecological functions of dung removal and secondary seed dispersal for large-bodied, noc-
turnal dung beetles [73, 74]. Our results show that abundance and biomass data respond simi-
larly to the ecological gradient, but that biomass showed a higher value explained by sets of
explanatory variables than abundance data. The environmental model tested against biomass
data had five significant environmental variables, two more than the environmental model test-
ed against abundance data. So, biomass data may be used as a representative measure of species
responses when one is trying to describe environmental and spatial effects on ecological func-
tions of dung beetles.

Functional traits and functional diversity measures are increasing among community ecolo-
gy studies [24]. These approaches have been applied to different biological groups to investigate
the relationships between biodiversity and ecosystem processes [29]. Our results showed that a
distance-based functional diversity approach responds differently to environmental, spatial
and temporal processes compared to traditional measures such as species abundance and bio-
mass. The environmental model was more important than the spatial model, and there was no
temporal effect in functional diversity. Environmental effects may be intuitively more impor-
tant for functional structure than taxonomic structure (see also [104]), and contrary to old
ideas (see [105]), functional structure may be spatially structured. At the intermediate spatial
scale, the shared fraction was also important, as in other studies [95]. The absence of a tempo-
ral effect can be interpreted as a non-significant temporal turnover of functional diversity,
which can be explained by the slight increase in B-diversity between years at all spatial scales.
As we demonstrated, general patterns of functional diversity can be influenced by environmen-
tal and spatial factors [95, 106, 107] that are dependent on spatial scales. Investigation of the
importance of environmental and spatial processes in explaining functional diversity across
spatial scales is a recent approach [95, 108]. In our study, we did not investigate the response of
each functional diversity index because we were attempting to test the use of a set of indices
that take into account different features of communities to be used as proxy for traditional
measures. We know that different individual functional diversity indices may respond differ-
ently to environmental and spatial predictors, and that they may be scale-dependent [39, 95,
106, 109]. We argue that functional diversity is a complementary tool to answer ecological
questions [24, 110] regarding species distribution in the metacommunity framework.
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Based on our community deconstruction approach, we were able to identify two main ro-
bust response groups, each with two subgroups according to their responses to explanatory
models at each spatial scale. The two main response groups are formed by functional groups
that were influenced only by environmental and spatial patterns at intermediate scales (group
1) and by the three sets of explanatory predictors at higher spatial scales (group 2). Group 1
can be divided into functional groups that showed a higher importance of spatial effects at the
intermediate scale (subgroup 1), and those that also showed greater importance of environ-
mental than of spatial effects (subgroup 2). Subgroup 1 was composed mainly of roller groups
and medium-sized dung beetles (composed of rollers, tunnelers and dwellers). Subgroup 2 was
formed by coprophages, trophic generalists and diurnal-nocturnal dung beetles, and by unre-
lated groups. Group 2 showed greater environmental than temporal effects at the local scale. It
also showed a greater spatial, followed by environmental and temporal effects at the intermedi-
ate scale. At the mainland-island scale the environmental effects were higher than spatial and
temporal ones. Moreover, the subgroups can be identified by their different responses at the re-
gional scale; subgroup 1 showed a higher environmental effect while subgroup 2 showed a
higher spatial effect.

Coprophages and trophic generalists showed higher -diversity components than necro-
phages, and in general, the first groups were represented by more species than necrophages.
This is a common pattern found in Scarabaeinae communities in Neotropical and Southern
Asia regions [111, 112]. Among these groups, trophic generalists showed the highest value of
variation explained by environmental and spatial filters. Necrophages differed from the other
two groups because they showed a significant temporal turnover at all spatial scales, despite the
importance of spatial and environmental effects at higher scales. The temporal turnover in
necrophages may be associated with increased abundance of Canthon luctuosus and Copropha-
naeus dardanus, and with decreased abundance of Coprophanaeus saphirinus and Deltochilum
rubripenne at the same sites and at all spatial scales. Mammal feces and carrion were expected
to be spatially and temporally unpredictable. However, we expect that dung resources occur
more frequently and is more abundant than carrion. Moreover, carrion is also consumed by
other organisms such as large birds and also mammals, whereas dung is utilized almost exclu-
sively by a few insect groups, many of them predators of other insects. So, necrophagous beetles
may also be responding to temporal effects such as low availability of food resource, which is
well recognized to be one of the most important drivers of dung beetle communities (beyond
changes in vegetation structure) [42, 46].

Groups based on activity period showed different responses. Activity period of Scarabaeinae
beetles is associated with daytime temperatures and humidity, and differences in forest struc-
ture may negatively influence the activity of diurnal species [68]. Diurnal species often have
smaller body size [69], while large-bodied species are often nocturnal [71]. Diurnal activity
may be a limiting factor for species dispersal when climatic conditions are unfavorable. For ex-
ample, very warm temperatures, low humidity and strong winds can influence the flight capaci-
ty of beetles, even within forests [113]. However, our results showed that nocturnal species
were more influenced by spatial filters than were diurnal species, mainly at larger spatial scales.
Diurnal species were more influenced by environmental than spatial filters. Diurnal-nocturnal
species showed an intermediate response between diurnal and nocturnal species. Diurnal bee-
tles showed a high proportion of species richness due to o-diversity (62.2%), while diurnal-
nocturnal species showed similar values of o- and B-components. B-diversity components ac-
counted for 75.4% of species richness of nocturnal beetles, which may explain the higher spatial
effect on this group, mainly between areas. We expect that species with different sets of ecologi-
cal traits have different dispersal abilities, and thus they are influenced by environmental and
spatial filters differently [5].
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Body size in dung beetles is an important trait that can be affected by modification [46],
fragmentation [75], and isolation [114] of tropical forests. Large-bodied dung beetles perform
better in dung removal and secondary seed dispersal than do small-sized dung species [73, 74]
because they are better competitors [76, 77]. Large-sized dung beetles are also expected to be
good dispersers [78]. Our results showed that these beetles were very influenced by spatial fac-
tors at higher spatial scales, demonstrating dispersal limitation or other spatial mechanisms
that limited their spatial distribution. Environmental effects were important at regional scales,
and can play an important role in the distribution of these beetles. Large, medium and small-
sized dung beetles also showed similar o- and B-component proportions.

Rollers were influenced mostly by environmental filters. Tunnelers were very influenced by
spatial factors at the intermediate scale. Rollers showed a higher a-component while tunnelers
showed a higher B-component. Using body size and food relocation behavior combined, we
found that large tunnelers and medium tunnelers showed higher B-components. However,
their responses to environmental, spatial and temporal processes were very distinct. The spatial
effect becomes very important for large tunnelers when these traits are combined. Medium-
sized tunnelers were only influenced by temporal effects, and only the B3-component was im-
portant. This result demonstrates a temporal turnover at the regional scale for this group; envi-
ronmental and spatial effects were not important. Large rollers and medium rollers showed
higher o-component. Spatial effects were important only at the intermediate spatial scale, and
mostly for large rollers. Food relocation behavior alone showed no differences in the responses
between rollers and tunnelers, however when combined with body size we found different re-
sponses between species with distinct sets of traits. The functional group assignment using sets
of traits seems to be a more realistic approach for use in community deconstruction. However,
this approach may only be feasible when there are a limited number of traits. If we used all
measured traits, we would have 22 different groups from 28 species sampled, and most of them
would be formed by one to three species. This would preclude the implementation of multivar-
iate analyses and hamper the gathering of species response patterns. The diversity of biological
traits originated by ecological, evolutionary and historical processes is one of the characteristics
that are associated with the evolutionary success and high diversity of dung beetles [111]. We
expect that the high diversity of traits that can be used in studies like ours is shared by the great
majority of organisms, and that this approach may be particularly appropriate for groups with
higher species richness.

Common and rare dung beetle species showed the same responses to ecological processes
across the three spatial scales. However, the explanatory value was much higher for common
species at all spatial scales. Our results also showed that common species have a very low B-di-
versity, while the composition of rare species is strongly dominated by B-diversity in all its
components. Assumptions of classical ecological theory and metacommunity framework sug-
gest that common and rare species should respond differently to environmental filters and dis-
persal limitation [37, 91]. Furthermore, common and rare species are expected to differ in
functional traits and environmental preferences. However, our study (see also [37, 91, 115])
showed similar responses across environmental and spatial gradients in common and rare spe-
cies. These results may have several explanations. First, rare species are expected to exhibit a
higher level of environmental specialization, and can be more affected by spatially structured
environmental filters than are common species. Second, common and rare species may re-
spond similarly to environmental factors, but in different ways. For example, for both common
and rare species the environmental model was formed by three variables, but altitude was the
only one shared by both models. Thus, common and rare species may be affected by different
environmental filters that are spatially structured in the same way. On the other hand, rare
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species may be affected by environmental variables that are difficult to measure [37] and are
thus ‘hiding’ the real effect of environmental factors on the group.

Another important factor to be considered is undersampling of species. Species that are con-
sidered rare may simply be undersampled due to the inefficient methods. Among dung beetles,
many species considered trophic specialists of resources different than those used as bait are
typically undersampled, even using standardized and suitable methods. Species rarity is a diffi-
cult concept [116] and understanding the mechanisms driving the distribution of rare species
is still a challenge in community ecology. Large-scale diversity patterns in aquatic metacommu-
nities can only be well-described using information from common species [115]. Our results
indicate the same, but removing rare species does not improve the outcome of analyses when
comparing the responses of abundance between rare and common datasets. Species rarity is
important in the context of conservation [117] and must be considered when the objective of
the study involves the maintenance of biological diversity along ecological gradients, especially
anthropogenically altered environmental gradients. However, ecologists should keep in mind
that species rarity in disturbed habitats may generate an overestimation of the conservation
value of these environments, because the presence of rare species may simply be a sampling ar-
tifact [117].

Among the general patterns, we found that environmental effects are prevalent at the local
scale, which demonstrates the power of species sorting in local structuring of communities
[118]. We also found strong environmental effects on many groups at the regional scale. There
is a great body of evidence showing the predominance of environmental filters among aquatic
and terrestrial metacommunities [37, 38, 94]. The importance of spatial effects did not follow
the increase in spatial scale, and spatial effects were very important at the intermediate spatial
scale. This demonstrates that even in the same large forest fragment, the dung beetles “suffer”
with dispersal limitation. However, dispersal limitation, if it exists, should be visible at the larg-
est spatial scale studied [4, 102]. Another possibility is that sites close to each other exchange
large numbers of individuals and, hence, show mass effects at the intermediate spatial scale
(see [83]). We do not have enough data on dispersal of dung beetle species to distinguish be-
tween dispersal limitation and mass effect, although the former is more likely due to the greater
environmental effect at the local scale and large distance between sites. Thus, Scarabaeinae bee-
tles show a spatially structured community possibly due to the large variation in environmental
variables of the sites sampled. These effects are also important at the regional scale, as well as
dispersal limitation (or other spatial effect) at intermediate spatial scales, culminating in the
greater B-diversity found between the mainland and the island. The temporal effect was also
important for the dung beetle community structure, as demonstrated for other groups [119,
120].

The high proportion of the residual fraction is common among metacommunity studies
using variation-partitioning methods. A probable cause is that the communities are generally
composed of many rare species, which have distributions that are difficult to model [37]. More-
over, snap-shot sampling surveys may yield weak patterns, which are not perfectly structured
and may vary in time [110]. Another probable cause is the lack of key explanatory variables,
which can be difficult to measure (e.g., biotic interactions) [37]. We measured 20 environmen-
tal variables that we expect describe properly the forest structure and environment of the sam-
pling sites. Among the 12 that were selected to compose the different environmental models,
the most important variables were altitude, greater tree basal area and green cover. Some of
these variables were also related to the distribution of dung beetles in Atlantic Forest fragments
in southern Brazil [62, 90]. Altitudinal variation is a common feature in the Atlantic Forest,
which is generally composed of mountain chains with different elevations. This feature of the
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landscape can influence other characteristics of the forest differently, since the land slope was
also important for the distribution of functional diversity in our study.

In summary, our study increases evidence of the importance of environmental, spatial and
temporal factors acting differently at the local, intermediate and regional spatial scales in Scara-
baeinae beetle distribution in Neotropical region. It also highlights that the effect of these pro-
cesses on species abundance in the Atlantic Forest also changes some aspects of the functional
organization of dung beetle communities.

Functional diversity can be used as a complementary, but not substitute, approach to tradi-
tional measures of community responses for testing environmental and spatial effects on spe-
cies distribution. The functional diversity approach may show different responses due to the
ecological traits and functional diversity indices used, which will depend on the aim of the
study. These new ways of gathering information on different species traits can be used to an-
swer ecological questions about community assembly and ecosystem function [24], which is of
great interest in the context of community ecology.

The community deconstruction approach allows us to identify sets of responses for different
trait-based groups with distinct species composition. The deconstructive approach was useful
to improve our understanding of dung beetle species responses to environmental, spatial and
temporal effects. For each functional group category, we must take into account different as-
sumptions to explain the responses, and it seems to be a fruitful way to test other hypotheses
(beyond the importance of different processes) in shaping community structure [38]. Studies
of metacommunities frequently mix “oranges with apples” [38], i.e., we generally expect that all
species in a given community, which are composed of different sets of traits, respond the same
way to different processes across different spatial scales, which is simply not true. The commu-
nity deconstruction approach seems promising for a better understanding of how species re-
spond to environmental and spatial effects in a metacommunity framework.

Supporting Information

S1 Appendix. Protocol for trait assignments. Dung beetle species were characterized in terms
of four ecological attributes: food relocation behavior, diet, active period and biomass.
(DOCX)

S2 Appendix. Protocol used to measure the environmental variables. Environmental vari-
ables were measured using the adapted point-centered quarter method. (DOCX)
(DOCX)

S1 Dataset. Dataset of abundance and dry biomass of dung beetle species, environmental
variables, and geographical coordinates. Samplings were performed in Brazilian Atlantic For-
est, Santa Catarina, Brazil using baited pitfall traps from January to February 2012 and 2013.
(XLSX)

S1 Fig. Rank abundance curve of dung beetle metacommunity (two years). Abundances are
expressed as the percentage of the total abundance within the metacommunity. The dotted line
indicates the inflection point of the curve used to classify the species into common or rare.
(EPS)

S2 Fig. Relation between number of species and number of individual of each functional
group of dung beetles.
(EPS)

S3 Fig. Permission letter. Permission request to publish Fig 1.
(TTF)

PLOS ONE | DOI:10.1371/journal.pone.0123030 March 30, 2015 23/29


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123030.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123030.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123030.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123030.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123030.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123030.s006

@' PLOS ‘ ONE

Scale-Dependence of Processes Structuring Dung Beetle Metacommunities

S1 Table. Dung beetle traits. Identity and traits for 28 dung beetle species sampled in the At-
lantic Forest from southern Brazil. NA: unavailable data. Other: unknown, but different from
others.
(XLSX)

$2 Table. Summary of environmental variables. Averages (mean or median, as appropriate),
quartiles, minimum and maximum values. 25%: 25 percentile, 75%: 75 percentile; max: maxi-
mum recorded for the entire dataset.

(XLSX)

$3 Table. List of Scarabaeine dung beetles species and total captures per years and area.
ANH: Environmental Protection Area of Anhatomirim in Governador Celso Ramos (main-
land); ITA: Permanent Protection Area of Itapema (mainland); PER: Lagoa do Peri Municipal
Park, Florianopolis (island); RAT: Permanent Protection Area of Ratones, Floriandpolis (is-
land). T: total; GT: grand total.

(XLSX)

Acknowledgments

We thank all who contributed to this study in any way. We thank Fernando Vaz de Mello and
David Edmonds for dung beetle identification, and Jani Heino and anonymous reviewers who
helped us to improve this paper. We also thank the Instituto Chico Mendes de Conservacdo da
Biodiversidade (ICMBio/MMA) and Fundag¢do do Meio Ambiente (FATMA-SC) for permis-
sion to collect.

Author Contributions

Conceived and designed the experiments: PGS MIMH. Performed the experiments: PGS
MIMH. Analyzed the data: PGS MIMH. Contributed reagents/materials/analysis tools: PGS
MIMH. Wrote the paper: PGS MIMH.

References

1. Ricklefs RE, Schluter D. Species diversity: regional and historical influences. In: Ricklefs RE, Schluter
D, editors. Species diversity in ecological communities. Chicago: The University of Chicago Press;
1993. pp. 350-363.

2. Logue JB, Mouquet N, Peter H, Hillebrand H, The Metacommunity Working Group. Empirical ap-
proaches to metacommunities: a review and comparison with theory. Trends Ecol Evol. 2011; 26:
482-491. doi: 10.1016/j.tree.2011.04.009 PMID: 21641673

3. Marquez JC, Kolasa J. Local and regional processes in community assembly. PLoS ONE. 2013; 8:
€54580. doi: 10.1371/journal.pone.0054580 PMID: 23355879

4. Declerck SAJ, Coronel JS, Legendre P, Brendonck L. Scale dependency of processes structuring
metacommunities of cladocerans in temporary pools of High-Andes wetlands. Ecography. 2011; 34:
296-305.

5. Silva PGd, Hernandez MIM. Local and regional effects on community structure of dung beetles in a
mainland-island scenario. PLoS ONE. 2014; 9: e111883. doi: 10.1371/journal.pone.0111883 PMID:
25356729

6. Leibold MA, Holyoak M, Mouquet N, Amarasekare P, Chase JM, Hoopes MF, et al. The metacommu-
nity concept: a framework for multi-scale community ecology. Ecol Lett. 2004; 7: 601-613.

7. Holyoak M, Leibold MA, Holt RD. Metacommunities: Spatial dynamics and ecological communities.
Chicago: The University of Chicago Press; 2005.

8. Winegardner AK, Jones BK, Ng IS, Siqueira T, Cottenie K. The terminology of metacommunity ecolo-
gy. Trends Ecol Evol. 2012; 27: 253-254. doi: 10.1016/j.tree.2012.01.007 PMID: 22325446

9. Mouquet N, Loreau M. Community patterns in source-sink metacommunities. Am Nat. 2003; 162:
544-557. PMID: 14618534

PLOS ONE | DOI:10.1371/journal.pone.0123030 March 30, 2015 24/29


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123030.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123030.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123030.s009
http://dx.doi.org/10.1016/j.tree.2011.04.009
http://www.ncbi.nlm.nih.gov/pubmed/21641673
http://dx.doi.org/10.1371/journal.pone.0054580
http://www.ncbi.nlm.nih.gov/pubmed/23355879
http://dx.doi.org/10.1371/journal.pone.0111883
http://www.ncbi.nlm.nih.gov/pubmed/25356729
http://dx.doi.org/10.1016/j.tree.2012.01.007
http://www.ncbi.nlm.nih.gov/pubmed/22325446
http://www.ncbi.nlm.nih.gov/pubmed/14618534

@' PLOS ‘ ONE

Scale-Dependence of Processes Structuring Dung Beetle Metacommunities

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21,
22,

23.
24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Hubbell SP. The unified neutral theory of biodiversity and biogeography. Princeton: Princeton Univer-
sity Press; 2001.

Legendre P, De Caceres M, Borcard D. Community surveys through space and time: testing the
space-time interaction in the absence of replication. Ecology. 2010; 91: 262-272. PMID: 20380215

Magurran AE, Henderson PA. Temporal turnover and the maintenance of diversity in ecological as-
semblages. Philos Trans R Soc Lond B Biol Sci. 2010; 365: 3611-3620. doi: 10.1098/rsth.2010.0285
PMID: 20980310

Mihaljevic JR. Linking metacommunity theory and symbiont evolutionary ecology. Trends Ecol Evol.
2012; 27: 323-329. doi: 10.1016/j.tree.2012.01.011 PMID: 22341499

Legendre P, Borcard D, Peres-Neto PR. Analyzing beta diversity: partitioning the spatial variation of
community composition data. Ecol Monogr. 2005; 75: 435—-450.

Legendre P, De Caceres M. Beta diversity as the variance of community data: dissimilarity coefficients
and partitioning. Ecol Lett. 2013; 16: 951-963. doi: 10.1111/ele.12141 PMID: 23809147

Jost L. Entropy and diversity. Oikos. 2006; 113: 363—-375.

Jost L. Partitioning diversity into independent alpha and beta components. Ecology. 2007; 88:
2427-2439. PMID: 18027744

Jost L, DeVries P, Walla T, Greeney H, Chao A, Ricotta C. Partitioning diversity for conservation anal-
yses. Divers Distrib. 2010; 16: 65-76.

Tuomisto H. A diversity of beta diversities: straightening up a concept gone awry. Part 1. Defining
beta diversity as a function of alpha and gamma diversity. Ecography. 2010; 33: 2—-22.

Tuomisto H. A diversity of beta diversities: straightening up a concept gone awry. Part 2. Quantifying
beta diversity and related phenomena. Ecography. 2010; 33: 23—45.

Magurran AE. Measuring biological diversity. Oxford: Blackwell Science; 2004.

Whittaker RH. Vegetation of the Siskiyou Mountains, Oregon and California. Ecol Monogr. 1960; 30:
279-338.

Whittaker RH. Evolution and measurement of species diversity. Taxon. 1972; 21: 213-251.

Mason NWH, de Bello F. Functional diversity: a tool for answering challenging ecological questions.
J Veg Sci. 2013; 24: 777-780.

Cadotte MW, Carscadden K, Mirotchnick N. Beyond species: functional diversity and the mainte-
nance of ecological processes and services. J Appl Ecol. 2011; 48: 1079-1087.

McGill BJ, Enquist BJ, Weiher E, Westoby M. Rebuilding community ecology from functional traits.
Trends Ecol Evol. 2006; 21: 178-185. PMID: 16701083

Gitay H, Noble IR. What are functional types and how should we seek them? In: Smith TM, Shugart
HH, Woodward Fl, editors. Plant functional types. Cambridge: Cambridge University Press;
1997. pp. 3-19.

Lebrija-Trejos E, Pérez-Garcia EA, Meave JA, Bongers F, Poorter L. Functional traits and environ-
mental filtering drive community assembly in a species-rich tropical system. Ecology. 2010; 91:
386-398. PMID: 20392004

Mason NWH, Mouillot D, Lee WG, Wilson JB. Functional richness, functional evenness and functional
divergence: the primary components of functional diversity. Oikos. 2005; 111: 112-118.

Tilman D. Functional diversity. In: Levin SA, editor editors. Encyclopedia of Biodiversity. San Diego:
Academic Press; 2001. pp. 109-120.

Tilman D, Knops J, Wedin D, Reich P, Ritchie M, Siemann E. The influence of functional diversity and
composition on ecosystem processes. Science. 1997; 277: 1300-1302.

Diaz S, Cabido M. Vive la différence: plant functional diversity matters to ecosystem processes.
Trends Ecol Evol. 2001; 16: 646—655.

Diaz S, Lavorel S, de Bello F, Quetier F, Grigulis K, Robson TM. Incorporating plant functional diversi-
ty effects in ecosystem service assessments. Proc Natl Acad Sci USA. 2007; 104: 20684—20689.
PMID: 18093933

Hooper DU, Chapin FS llI, Ewel JJ, Hector A, Inchausti P, Lavorel S, et al. Effects of biodiversity on
ecosystem functioning: a consensus of current knowledge. Ecol Monogr. 2005; 75: 3-35.

Pandit SN, Kolasa J, Cottenie K. Contrasts between habitat generalists and specialists: an empirical
extension to the basic metacommunity framework. Ecology. 2009; 90: 225-2262.

De Bie T, De Meester L, Brendonck L, Martens K, Goddeeris B, Ercken D, et al. Body size and dis-
persal mode as key traits determining metacommunity structure of aquatic organisms. Ecol Lett.
2012; 15: 740-747. doi: 10.1111/].1461-0248.2012.01794.x PMID: 22583795

PLOS ONE | DOI:10.1371/journal.pone.0123030 March 30, 2015 25/29


http://www.ncbi.nlm.nih.gov/pubmed/20380215
http://dx.doi.org/10.1098/rstb.2010.0285
http://www.ncbi.nlm.nih.gov/pubmed/20980310
http://dx.doi.org/10.1016/j.tree.2012.01.011
http://www.ncbi.nlm.nih.gov/pubmed/22341499
http://dx.doi.org/10.1111/ele.12141
http://www.ncbi.nlm.nih.gov/pubmed/23809147
http://www.ncbi.nlm.nih.gov/pubmed/18027744
http://www.ncbi.nlm.nih.gov/pubmed/16701083
http://www.ncbi.nlm.nih.gov/pubmed/20392004
http://www.ncbi.nlm.nih.gov/pubmed/18093933
http://dx.doi.org/10.1111/j.1461-0248.2012.01794.x
http://www.ncbi.nlm.nih.gov/pubmed/22583795

@'PLOS ‘ ONE

Scale-Dependence of Processes Structuring Dung Beetle Metacommunities

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Siqueira T, Bini LM, Roque FO, Marques Couceiro SR, Trivinho-Strixino S, Cottenie K. Common and
rare species respond to similar niche processes in macroinvertebrate metacommunities. Ecography.
2012; 35: 183—192.

Algarte VM, Rodrigues L, Landeiro VL, Siqueira T, Bini LM. Variance partitioning of deconstructed pe-
riphyton communities: does the use of biological traits matter? Hydrobiologia. 2014; 722: 279-290.

Heino J, Peckarsky BL. Integrating behavioral, population and large-scale approaches for under-
standing stream insect communities. Curr Opin Insect Sci. 2014; 2: 7—13.

Myers N, Mittermeier RA, Mittermeier CG, Fonseca GAB, Kent J. Biodiversity hotspots for conserva-
tion priorities. Nature. 2000; 403: 853—845. PMID: 10706275

Ribeiro MC, Metzger JP, Martensen AC, Ponzoni FJ, Hirota MM. The Brazilian Atlantic Forest: How
much is left, and how is the remaining forest distributed? Implications for conservation. Biol Conserv.
2009; 142: 1141-1153.

Halffter G, Favila ME. The Scarabaeinae an animal group for analysing, inventorying and monitoring
biodiversity in tropical rainforest and modified landscapes. Biol Int. 1993; 27: 15-21.

Simmons LW, Ridsdill-Smith TJ. Reproductive competition and its impact on the evolution and ecolo-
gy of dung beetles. In: Simmons LW, Ridsdill-Smith TJ, editors. Ecology and evolution of dung bee-
tles. Oxford: Blackwell Publishing; 2011. pp. 1-20.

Gardner TA, Barlow J, Araujo IS, Avila-Pires TC, Bonaldo AB, Costa JE, et al. The cost-effectiveness
of biodiversity surveys in tropical forests. Ecol Lett. 2008; 11: 139—150. PMID: 18031554

Hanski I, Cambefort Y. Competition in dung beetles. In: Hanski |, Cambefort Y, editors. Dung beetle
ecology. Princeton: Princeton University Press; 1991. pp. 305-329.

Gardner TA, Hernandez MIM, Barlow J, Peres CA. Understanding the biodiversity consequences of
habitat change: the value of secondary and plantation forests for neotropical dung beetles. J Appl
Ecol. 2008; 45: 883-893.

Nichols E, Larsen T, Spector S, Davis AL, Escobar F, Favila M, et al. Global dung beetle response to
tropical forest modification and fragmentation: A quantitative literature review and meta-analysis. Biol
Conserv. 2007; 137: 1-19.

Barlow J, Gardner TA, Araujo IS, Avila-Pires TC, Bonaldo AB, Costa JE, et al. Quantifying the biodi-
versity value of tropical primary, secondary, and plantation forests. Proc Natl Acad Sci USA. 2007;
104: 18555—-18560. PMID: 18003934

Davis AJ, Holloway JD, Huijbregts H, Krikken J, Kirk-Spriggs AH, Sutton SL. Dung beetles as indica-
tors of change in the forests of northern Borneo. J Appl Ecol. 2001; 38: 593-616.

Campos RC, Hernandez MIM. Changes in the dynamics of functional groups in communities of
dung beetles in Atlantic forest fragments adjacent to transgenic maize crops. Ecol Indic. 2015; 49:
216-227.

Culot L, Bovy E, Vaz-de-Mello FZ, Guevara R, Galetti M. Selective defaunation affects dung beetle
communities in continuous Atlantic rainforest. Biol Conserv. 2013; 163: 79-89.

Barlow J, Louzada J, Parry L, Hernandez MIM, Hawes J, Peres CA, et al. Improving the design and
management of forest strips in human-dominated tropical landscapes: a field test on Amazonian dung
beetles. J Appl Ecol. 2010; 47: 779-788.

Nichols E, Spector S, Louzada J, Larsen T, Amezquita S, Favila ME, et al. Ecological functions and
ecosystem services provided by Scarabaeinae dung beetles. Biol Conserv. 2008; 141: 1461-1474.

Klein BC. Effects of forest fragmentation on dung and carrion beetle communities in Central Amazo-
nia. Ecology. 1989; 70: 1715-1725.

Spector S, Ayzama S. Rapid turnover and edge effects in dung beetle assemblages (Scarabaeidae)
at a Bolivian Neotropical forest-savanna ecotone. Biotropica. 2003; 35: 394—404.

Duraes R, Martins WP, Vaz-de-Mello FZ. Dung beetle (Coleoptera: Scarabaeidae) assemblages
across a natural Forest-Cerrado ecotone in Minas Gerais, Brazil. Neotrop Entomol. 2005; 34:
721-731.

Howden HF, Nealis VG. Observations on height of perching in some tropical dung beetles (Scarabaei-
dae). Biotropica. 1978; 10: 43—46.

Peck SB, Forsyth A. Composition, structure, and competitive behaviour in a guild of Ecuadorian rain
forest dung beetles (Coleoptera; Scarabaeidae). Can J Zool. 1982; 60: 1624-1634.

Arellano L, Ledn-Cortés JL, Ovaskainen O. Patterns of abundance and movement in relation to land-
scape structure: a study of a common scarab (Canthon cyanellus cyanellus) in Southern Mexico.
Landsc Ecol. 2008; 23: 69-78.

PLOS ONE | DOI:10.1371/journal.pone.0123030 March 30, 2015 26/29


http://www.ncbi.nlm.nih.gov/pubmed/10706275
http://www.ncbi.nlm.nih.gov/pubmed/18031554
http://www.ncbi.nlm.nih.gov/pubmed/18003934

@' PLOS ‘ ONE

Scale-Dependence of Processes Structuring Dung Beetle Metacommunities

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Nichols E, Uriarte M, Bunker DE, Favila ME, Slade EM, Vulinec K, et al. Trait-dependent response of
dung beetle populations to tropical forest conversion at local and regional scales. Ecology. 2013; 94:
180-189. PMID: 23600252

Veloso HP, Rangel-Filho ALR, Lima JCA. Classificacdo da vegetacao brasileira, adaptada a um sis-
tema universal. Rio de Janeiro: Instituto Brasileiro de Geografia e Estatistica; 1991. doi: 10.5681/
joddd.2014.003 PMID: 25507547

Hernandez MIM, Vaz-de-Mello FZ. Seasonal and spatial species richness variation of dung beetle
(Coleoptera, Scarabaeidae s. str.) in the Atlantic Forest of southeastern Brazil. Rev Bras Entomol.
2009; 53: 607-613.

Silva PGd, Vaz-de-Mello FZ, Di Mare RA. Diversity and seasonality of Scarabaeinae (Coleoptera:
Scarabaeidae) in forest fragments in Santa Maria, Rio Grande do Sul, Brazil. An Acad Bras Cienc.
2013; 85: 679-697. doi: 10.1590/S0001-37652013005000033 PMID: 23828347

Wiens JA. Spatial scaling in ecology. Funct Ecol. 1989; 3: 385-397.

Barragan F, Moreno CE, Escobar F, Halffter G, Navarrete D. Negative impacts of human land use on
dung beetle functional diversity. PLoS ONE. 2011; 6: e17976. doi: 10.1371/journal.pone.0017976
PMID: 21448292

Halffter G, Halffter V. Why and where coprophagous beetles (Coleoptera: Scarabaeinae) eat seeds,
fruits or vegetable detritus. Boletin de la SEA. 2009; 45: 1-22.

Silva PGd, Vaz-de-Mello FZ, Di Mare RA. Attractiveness of different baits to Scarabaeinae (Coleop-
tera: Scarabaeidae) in forest fragments in the extreme south of Brazil. Zool Stud. 2012; 51: 429-441.

Larsen TH. Upslope range shifts of Andean dung beetles in response to deforestation: compounding
and confounding effects of microclimatic change. Biotropica. 2011; 44: 82—-89.

Slade EM, Mann DJ, Villanueva JF, Lewis OT. Experimental evidence for the effects of dung beetle
functional group richness and composition on ecosystem function in a tropical forest. J Anim Ecol.
2007; 76: 1094—1104. PMID: 17922706

Hernandez MIM. The night and day of dung beetles (Coleoptera, Scarabaeidae) in the Serra do Japi,
Brazil: elytra colour related to daily activity. Rev Bras Entomol. 2002; 46: 597—600.

Doube BM. Dung beetle of Southern Africa. In: Hanski I, Cambefort Y, editors. Dung beetle ecology.
Princeton: Princeton University Press; 1991. pp. 133-155.

Spector S, Forsyth AB. Indicator taxa for biodiversity assessment in the vanishing tropics. In: Mace
GM, Balmford A, Ginsberg JR, editors. Conservation in a changing world. Cambridge: Cambridge
University Press; 1998. pp. 181-209.

Slade EM, Mann DJ, Lewis OT. Biodiversity and ecosystem function of tropical forest dung beetles
under contrasting logging regimes. Biol Conserv. 2011; 144: 166—174.

Braga RF, Korasaki V, Andresen E, Louzada J. Dung beetle community and functions along a habitat-
disturbance gradient in the Amazon: a rapid assessment of ecological functions associated to biodi-
versity. PLoS ONE. 2013; 8: €57786. doi: 10.1371/journal.pone.0057786 PMID: 23460906

Larsen TH, Williams NM, Kremen C. Extinction order and altered community structure rapidly disrupt
ecosystem functioning. Ecol Lett. 2005; 8: 538-547. doi: 10.1111/j.1461-0248.2005.00749.x PMID:
21352458

Horgan FG, Fuentes RC. Asymmetrical competition between Neotropical dung beetles and its conse-
quences for assemblage structure. Ecol Entomol. 2005; 30: 182—193.

Chown SL, Klok CJ. The ecological implications of physiological diversity in dung beetles. In: Sim-
mons LW, Ridsdill-Smith TJ, editors. Ecology and evolution of dung beetles. Oxford: Blackwell Pub-
lishing; 2011. pp. 200-219.

Larsen TH, Lopera A, Forsyth A. Understanding trait-dependent community disassembly: dung bee-
tles, density functions, and forest fragmentation. Conserv Biol. 2008; 22: 1288—1298. doi: 10.1111/j.
1523-1739.2008.00969.x PMID: 18616744

Cottam G, Curtis JT. The use of distance measures in phytosociological sampling. Ecology. 1956; 37:
451-460.

Borcard D, Gillet F, Legendre P. Numerical ecology with R. New York: Springer; 2011.

R Core Team. R: A language and environment for statistical computing. Vienna: R Foundation for
Statistical Computing. http://www.r-project.org/; 2014. doi: 10.1016/j.jneumeth.2014.06.019 PMID:
24970579

Dray S, Legendre P, Peres-Neto PR. Spatial modelling: a comprehensive framework for principal co-
ordinate analysis of neighbour matrices (PCNM). Ecol Modell. 2006; 196: 483—493.

Heino J, Melo AS, Bini LM. Reconceptualising the beta diversity-environmental heterogeneity rela-
tionship in running water systems. Freshwater Biol. 2015; 60: 223-235.

PLOS ONE | DOI:10.1371/journal.pone.0123030 March 30, 2015 27/29


http://www.ncbi.nlm.nih.gov/pubmed/23600252
http://dx.doi.org/10.5681/joddd.2014.003
http://dx.doi.org/10.5681/joddd.2014.003
http://www.ncbi.nlm.nih.gov/pubmed/25507547
http://dx.doi.org/10.1590/S0001-37652013005000033
http://www.ncbi.nlm.nih.gov/pubmed/23828347
http://dx.doi.org/10.1371/journal.pone.0017976
http://www.ncbi.nlm.nih.gov/pubmed/21448292
http://www.ncbi.nlm.nih.gov/pubmed/17922706
http://dx.doi.org/10.1371/journal.pone.0057786
http://www.ncbi.nlm.nih.gov/pubmed/23460906
http://dx.doi.org/10.1111/j.1461-0248.2005.00749.x
http://www.ncbi.nlm.nih.gov/pubmed/21352458
http://dx.doi.org/10.1111/j.1523-1739.2008.00969.x
http://dx.doi.org/10.1111/j.1523-1739.2008.00969.x
http://www.ncbi.nlm.nih.gov/pubmed/18616744
http://www.r-project.org/
http://dx.doi.org/10.1016/j.jneumeth.2014.06.019
http://www.ncbi.nlm.nih.gov/pubmed/24970579

@' PLOS ‘ ONE

Scale-Dependence of Processes Structuring Dung Beetle Metacommunities

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Veech JA, Summerville KS, Crist TO, Gering JC. The additive partitioning of species diversity: recent
revival of an old idea. Oikos. 2002; 99: 3-9.

Veech JA, Crist TO. Partition: software for hierarchical partitioning of species diversity. Program ver-
sion 3.0. http://www.users.muohio.edu/cristto/partition.htm; 2009.

Audino LD, Louzada J, Comita L. Dung beetles as indicators of tropical forest restoration success: Is it
possible to recover species and functional diversity? Biol Conserv. 2014; 169: 248-257.

Laliberté E, Legendre P. A distance-based framework for measuring functional diversity from multiple
traits. Ecology. 2010; 91: 299-305. PMID: 20380219

Villéger S, Mason NWH, Mouillot D. New multidimensional functional diversity indices for a multiface-
ted framework in functional ecology. Ecology. 2008; 89: 2290-2301. PMID: 18724739

Laliberté E, Shipley B. Measuring functional diversity (FD) from multiple traits, and other tools for func-
tional ecology. R package version 1.0-11; 2012.

Campos RC, Hernandez MIM. Dung beetle assemblages (Coleoptera, Scarabaeinae) in Atlantic for-
est fragments in southern Brazil. Rev Bras Entomol. 2013; 57: 47-54.

Alahuhta J, Johnson LB, Olker J, Heino J. Species sorting determines variation in the community com-
position of common and rare macrophytes at various spatial extents. Ecol Complex. 2014; 20: 61-68.

Gilbert B, Bennett JR. Partitioning variation in ecological communities: do the numbers add up? J
Appl Ecol. 2010; 47: 1071-1082.

Smith TW, Lundholm JT. Variation partitioning as a tool to distinguish between niche and neutral pro-
cesses. Ecography. 2010; 33: 648-655.

Cottenie K. Integrating environmental and spatial processes in ecological community dynamics. Ecol
Lett. 2005; 8: 1175-1182. doi: 10.1111/j.1461-0248.2005.00820.x PMID: 21352441

Colzani E, Siqueira T, Suriano MT, Roque FO. Responses of aquatic insect functional diversity to
landscape changes in Atlantic Forest. Biotropica. 2013; 45: 343-350.

Peres-Neto PR, Legendre P, Dray S, Borcard D. Variation partitioning of species data matrices: esti-
mation and comparison of fractions. Ecology. 2006; 87: 2614—2625. PMID: 17089669

Legendre P, Gallagher E. Ecologically meaningful transformations for ordination of species data.
Oecologia. 2001; 129: 271-280.

Blanchet FG, Legendre P, Borcard D. Forward selection of explanatory variables. Ecology. 2008; 89:
2623-2632. PMID: 18831183

R-Forge Administration and Development Team. Spatial ecological data analysis with R. R Develop-
ment Page. Available: http://r-forge.r-project.org/R/?group_id=195; 2013.

Huttunen K-L, Mykréa H, Huusko A, Maki-Petdys A, Vehanen T, Muotka T. Testing for temporal coher-
ence across spatial extents: the roles of climate and local factors in regulating stream macroinverte-
brate community dynamics. Ecography. 2014; 37: 599-608.

Passy SI. A hierarchical theory of macroecology. Ecol Lett. 2012; 15: 923-934. doi: 10.1111/j.1461-
0248.2012.01809.x PMID: 22697353

Ng ISY, Carr CM, Cottenie K. Hierarchical zooplankton metacommunities: distinguishing between
high and limiting dispersal mechanisms. Hydrobiologia. 2009; 619: 133-143.

Hepp LU, Melo AS. Dissimilarity of stream insect assemblages: effects of multiple scales and spatial
distances. Hydrobiologia. 2012; 703: 239-246.

Heino J, Schmera D, Erés T. A macroecological perspective of trait patterns in stream communities.
Freshwater Biol. 2013; 58: 1539—-1555.

Statzner B, Dolédec S, Hugueny B. Biological trait composition of European stream invertebrate com-
munities: assessing the effects of various trait filter types. Ecography. 2004; 27: 470—488.

Heino J. Functional biodiversity of macroinvertebrate assemblages along major ecological gradients
of boreal headwater streams. Freshwater Biol. 2005; 50: 1578—1587.

Loreau M, Naeem S, Inchausti P, Bengtsson J, Grime JP, Hector A, et al. Biodiversity and ecosystem
functioning: current knowledge and future challenges. Science. 2001; 294: 804—-808. PMID:
11679658

Strecker AL, Casselman JM, Fortin MJ, Jackson DA, Ridgway MS, Abrams PA, et al. A multi-scale
comparison of trait linkages to environmental and spatial variables in fish communities across a large
freshwater lake. Oecologia. 2011; 166: 819—-831. doi: 10.1007/s00442-011-1924-1 PMID: 21305321

Laliberté E, Norton DA, Scott D. Contrasting effects of productivity and disturbance on plant functional
diversity at local and metacommunity scales. J Veg Sci. 2013; 24: 834—842.

PLOS ONE | DOI:10.1371/journal.pone.0123030 March 30, 2015 28/29


http://www.users.muohio.edu/cristto/partition.htm
http://www.ncbi.nlm.nih.gov/pubmed/20380219
http://www.ncbi.nlm.nih.gov/pubmed/18724739
http://dx.doi.org/10.1111/j.1461-0248.2005.00820.x
http://www.ncbi.nlm.nih.gov/pubmed/21352441
http://www.ncbi.nlm.nih.gov/pubmed/17089669
http://www.ncbi.nlm.nih.gov/pubmed/18831183
http://r-forge.r-project.org/R/?group_id=195
http://dx.doi.org/10.1111/j.1461-0248.2012.01809.x
http://dx.doi.org/10.1111/j.1461-0248.2012.01809.x
http://www.ncbi.nlm.nih.gov/pubmed/22697353
http://www.ncbi.nlm.nih.gov/pubmed/11679658
http://dx.doi.org/10.1007/s00442-011-1924-1
http://www.ncbi.nlm.nih.gov/pubmed/21305321

@'PLOS ‘ ONE

Scale-Dependence of Processes Structuring Dung Beetle Metacommunities

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Erds T, Saly P, Takacs P, Specziar A, Bird P. Temporal variability in the spatial and environmental de-
terminants of functional metacommunity organization—stream fish in a human-modified landscape.
Freshwater Biol. 2012; 57: 1914-1928.

Halffter G. Historical and ecological factors determining the geographical distribution of beetles (Cole-
optera: Scarabaeidae: Scarabaeinae). Folia Entomol Mex. 1991; 82: 195-238.

Davis ALV, Scholtz CH, Philips TK. Historical biogeography of scarabaeine dung beetles. J Biogeogr.
2002; 29: 1217-1256.

Larsen T, Forsyth A. Trap spacing and transect design for dung beetle biodiversity studies. Biotropica.
2005; 37: 322-325.

Quintero |, Roslin T. Rapid recovery of dung beetle communities following habitat fragmentation in
Central Amazonia. Ecology. 2005; 86: 3303-3311.

Heino J, Soininen J. Are common species sufficient in describing turnover in aquatic metacommu-
nities along environmental and spatial gradients? Limnol Oceanogr. 2010; 55: 2397-2402.

Gaston KJ. Rarity. London: Chapman and Hall; 1994.

Barlow J, Gardner TA, Louzada J, Peres CA. Measuring the conservation value of tropical primary for-
ests: the effect of occasional species on estimates of biodiversity uniqueness. PLoS ONE. 2010; 5:
€9609. doi: 10.1371/journal.pone.0009609 PMID: 20231897

Van der Gucht K, Cottenie K, Muylaert K, Vloemans N, Cousin S, Declerck S, et al. The power of spe-
cies sorting: local factors drive bacterial community composition over a wide range of spatial scales.
Proc Natl Acad Sci USA. 2007; 104: 20404—20409. PMID: 18077371

Swenson NG, Stegen JC, Davies SJ, Erickson DL, Forero-Montana J, Hurlbert AH, et al. Temporal
turnover in the composition of tropical tree communities: functional determinism and phylogenetic sto-
chasticity. Ecology. 2012; 93: 490-499. PMID: 22624204

Stegen JC, Freestone AL, Crist TO, Anderson MJ, Chase JM, Comita LS, et al. Stochastic and deter-
ministic drivers of spatial and temporal turnover in breeding bird communities. Glob Ecol Biogeogr.
2013; 22: 202-212.

PLOS ONE | DOI:10.1371/journal.pone.0123030 March 30, 2015 29/29


http://dx.doi.org/10.1371/journal.pone.0009609
http://www.ncbi.nlm.nih.gov/pubmed/20231897
http://www.ncbi.nlm.nih.gov/pubmed/18077371
http://www.ncbi.nlm.nih.gov/pubmed/22624204

