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Abstract
Tropical forest biodiversity is being threatened by human activities, and species 
losses during forest disturbance can compromise important ecosystem functions and 
services. We assessed how species losses due to tropical forest disturbance affect 
community functional structure, using Amazonian dung beetles as a model group. 
We collected empirical data from 106 forest transects and used simulated extinc-
tion scenarios to determine how species loss influences community structure at re-
gional and local scales. Although functional and taxonomic community metrics were 
largely unaffected by primary forest disturbance, they differed markedly between pri-
mary and secondary forests. However, our extinction scenarios demonstrated scale- 
dependence of species losses, whereby functional structure only eroded with species 
extinction at the local scale. Hence, we extend the spatial insurance hypothesis by 
demonstrating that landscape- scale functional redundancy offsets the impact of local 
species losses and confers community- level resistance to primary forest disturbance.

Abstract in portuguese is available with online material.
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1  |  INTRODUC TION

Human activities cause changes in most terrestrial (Newbold et al., 
2015) and aquatic ecosystems (Castello et al., 2013; Halpern et al., 
2008), leading to a loss of biodiversity and ecosystem functions 
(Mitchell et al., 2015; Newbold et al., 2020). Although tropical 
forests contain >60% of global terrestrial biodiversity (Slik et al., 
2015), they are subjected to a multitude of stressors interacting at 
different scales (Barlow et al., 2018). At the regional scale, distur-
bances are often related to deforestation (Barlow et al., 2016), re-
sulting in fragmentation and edge effects in the remaining forests 
(Baccini et al., 2017; Malhi et al., 2014). At the local scale, within- 
forest disturbances related to fires, logging, and hunting greatly 
reduce the overall conservation value (Barlow et al., 2016) and the 
capacity of the forest to supply goods and services (Parrotta et al., 
2012).

Ecosystem functions are driven in part by species ecological traits 
(Cadotte et al., 2011) and therefore taking into account the functional 
structure of communities could improve our understanding of the 
links between biodiversity and ecosystem functioning (Gagic et al., 
2015), and might elucidate how disturbance- driven changes in bio-
logical communities impair ecological processes (Beiroz et al., 2018; 
Cadotte et al., 2011; Leitão et al., 2018). In metacommunities, local 
community compositions vary and species with different traits fulfil 
different functions in each of these local communities. The “spatial 
insurance hypothesis” proposes that the spatial variability of local 
community composition insures the ecosystem functioning at larger 
scales, by allowing compensations between species (Loreau et al., 
2003; Wang & Loreau, 2014). In this context, it is crucial to establish 
whether species that are more sensitive to human activities contrib-
ute more or less to the functional structure of communities. Rare 
species are more prone to extinctions (Davies et al., 2004; Harnik 
et al., 2012; Sykes et al., 2019) because they have small population 
sizes, restricted geographic ranges, and narrow environmental tol-
erances. However, despite their low numeric representation, there 
is increasing evidence that rare species can perform unique func-
tional roles and contribute disproportionately to the functional di-
versity of communities (Jain et al., 2014; Leitão et al., 2016; Mouillot, 
Bellwood, et al., 2013). Hence, the loss of rare species due to local 
forest disturbance could reduce functional diversity and ultimately 
threaten ecosystem functioning (França et al., 2020).

Most studies of anthropogenic disturbances focus on vertebrates 
and plants (Pereira & Cooper, 2006). However, invertebrates, espe-
cially arthropods, perform many irreplaceable ecosystem functions 
(Cardoso et al., 2011). Given the enormous diversity of invertebrates 
in the tropics, we should focus on taxa that we know to perform 
important functions within the ecosystem, and for which we have 
well- established taxonomies and existing functional trait data. Dung 
beetles (Coleoptera: Scarabaeidae: Scarabaeinae) are one such focal 

taxon: they play critical roles in detritivorous pathways (França et al., 
2018), are abundant and diverse, and their sampling is highly cost- 
effective (Gardner et al., 2008; Halffter & Favila, 1993). Due to their 
feeding and nesting habits, they perform key ecological functions 
such as dung removal, soil fertilization and aeration, and second-
ary seed dispersal (Nichols et al., 2008). Furthermore, dung beetles 
are sensitive to both natural (Beiroz et al., 2017) and anthropogenic 
disturbances (Gómez- Cifuentes et al., 2017) and their functional 
traits related to dung removal and burial are well studied (deCastro- 
Arrazola et al., 2020; Griffiths et al., ,2015, 2016), including how 
functional traits of dung beetle communities respond to changes in 
the environment (Beiroz et al., 2017).

We used data collected from 161 sites in the Eastern Brazilian 
Amazon to simulate extinction scenarios and to test the following 
hypotheses:

1. Forest disturbance negatively affects dung beetle community 
taxonomic and functional structure, and ecological function (dung 
removal). Therefore, species richness, abundance, Functional 
Richness, Functional Specialization, Functional Originality, and 
dung removal will decrease in disturbed forests compared to 
primary undisturbed forests.

2. The extinction of rare species during forest disturbance will re-
sult in a greater erosion of community functional structure than 
the loss of common species. Thus, the declines in Functional 
Richness, Functional Specialization and Functional Originality will 
be faster in scenarios where rare species are lost first than in sce-
narios where common species are lost first.

We defined species rarity and tested our first hypothesis using 
data collected from sites along a gradient of human disturbance to 
assess the impact of forest disturbance on dung beetle communities 
and their contribution to dung removal –  a key ecological function 
for soil nutrient cycling (Nichols et al., 2008). We then tested our 
second hypothesis by simulating species loss at local and regional 
scales to assess the effects of distinct extinction scenarios on com-
munity functional structure.

2  |  METHODS

2.1  |  Study site and design

Our data were collected from 161 transects located in the east-
ern Brazilian Amazon, covering the municipalities of Santarém, 
Belterra, and Mojuí dos Campos (2.7 million ha in total), hereafter 
Santarém (Figure 1). The region in the Brazilian state of Pará, ex-
perienced an increase in colonization from the 1970 decade, which 
increased deforestation in the region, with it peaking in the early 
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2000s (Gardner et al., 2013). The current landscape is a mosaic of 
undisturbed primary forests, pastures, agriculture fields, degraded 
primary forests, and secondary forests (Gardner et al., 2013). The 
climate in the region is classified as tropical, receiving ~2000 mm 
of rainfall/year and a mean annual temperature of 26ºC (Andrade & 
Corrêa, 2014).

Eighteen hydrological catchments (c. 5000 ha each) across the 
region were selected for sampling, and eight to 12 transects were 
installed in each catchment. The catchments presented a gradient of 
forest cover and anthropogenic land- uses. Each transect was 300 m 
in length and separated by at least 1.5 km (Figure 1). Transects were 
distributed within forest and nonforest land cover. Forested tran-
sects (106 in total) included primary (undisturbed, logged, burned, 
and logged- and- burned) and secondary forests (i.e., those regener-
ating in previously deforested land). Nonforest transects included 
pasture, mechanized agriculture, abandoned plantation, fruticulture, 
and tree plantation (55 transects in total). To test the influence of 
time since the occurrence of disturbance on dung beetle commu-
nities, we obtained, for each forest site, the time since last distur-
bance (primary forests) or regeneration age (secondary forests) by 
combining visual analysis of Landsat images (1988 to 2010 in two- 
year intervals) with a visual field assessment (Gardner et al., 2013). 
For undisturbed primary forests, we attributed an arbitrary value 
of 50 years since last disturbance. For those forests in which we 
found physical evidence of disturbance before 1988 (e.g., cut trees, 

fire scars), we attributed an arbitrary value of 25 years since previ-
ous disturbance. Additional information on the study design can be 
found in Gardner et al., (2013). All statistical analyses and simula-
tions in this study were performed in R version 3.4.2 (R Core Team, 
2017) unless otherwise stated.

2.2  |  Defining species rarity

2.2.1  |  Dung beetle sampling

Dung beetles were sampled in all 161 transects between April 2010 
and August 2011 (one sampling date per transect) using pitfall traps 
(14- cm diameter and 9- cm height) baited with 50 g of dung (80% 
pig and 20% human). Traps were installed at three points along 
each transect (0, 150, and 300 m) with three traps at the corners 
of a triangle (3- m sides) at each sampling point. Traps were left in 
the field for 48 h and then the beetles were collected and stored 
in ethanol. Thirty- seven forest transects were re- sampled in July 
2016 to obtain functional trait measurements (see section 2.3.1; 
Table S1). Dung beetles were taken to the lab where they were 
dried and identified to species level or the lowest possible taxon. 
Voucher specimens were deposited in the Zoological Collections at 
the Universidade Federal de Mato Grosso and Universidade Federal 
de Lavras, Brazil.

F I G U R E  1  Map of study site and the study design. Dung beetles were collected in the Santarém region of the eastern Amazon, in 
the Brazilian state of Pará. We sampled dung beetle diversity and functions in transects of 300 m. We used these samplings to assess 
dung beetle species rarity, taxonomic and functional diversity, and ecological function of dung removal
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Ecological function sampling point
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Ecological functions accessed in 60 forest
transects

Functional traits accessed in 37 forest 
transects in 2016

Dung beetle community analyses in 106 
forest transects

Rarity index - 161 transects - forest and
non-forest
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2.2.2  |  Rarity index

We used data from all 161 transects to define species rarity by com-
bining estimates of local abundance, geographical range, and habi-
tat breadth (HB) of each dung beetle species. The local abundance 
of a dung beetle species i (LAi) was calculated as the mean number 
of individuals in all transects where the species occurred. The geo-
graphical range (GRi) was estimated as the area (ha) inside the small-
est polygon joining the outermost sites in which the species occurred 
using QGIS software (QGIS Development Team, 2017). If the species 
occurred in <3 transects, the GRi was considered as the sum of the 
area within a 1- km radius of the central point of each transect. To 
estimate the HB of a dung beetle species i, we used the “tolerance” 
metric from Outlying Mean Index analysis (“ade4” package; Dray & 
Dufour, 2007). The Outlying Mean Index is a measure of the species’ 
niche breadth relative to the niche space of the region, and the toler-
ance metric describes the spatial variance of the niche across meas-
ured environmental conditions or resources (Dolédec et al., 2000). 
We used tree species richness, aboveground biomass, understorey 
density, canopy openness, soil texture, and elevation (Appendix S1 
–  section A) to estimate the HB of each dung beetle species. We 
calculated the rarity index (RI) for each species using LA, GR, and HB, 
following Leitão et al., (2016). We first log- transformed each metric 
and then standardized the data by dividing each value by the maxi-
mum value across all species, to give values between 0 and 1 for each 
metric. We also accounted for the degree of dependence among the 
three metrics by weighting each by its correlation with the other two.

The rarity index for a species i (RIi) was calculated by the follow-
ing formula:

where wla, wgr, and whb are the weighting parameters for local abun-
dance, geographical range, and HB, respectively. The weighing param-
eter for each metric x was calculated by the following formula:

where rx1 and rx2 are the Pearson's correlation coefficients between 
the given metric x and each of the other two metrics. Values of RIi 
range between 0 and 1, whereby the rarest species have values close 
to 0 and the most common species have values close to 1; for clarity 
of discussion, we thus refer to species with RI <0.5 as “rare” and to 
those with RI >0.5 as “common”. For six species that were only col-
lected in 2016, we calculated GR from the 37 transects sampled in 
that year. Since we were interested in testing hypotheses related to 
species rarity, we excluded from the analyses seven species that are 
known not to be attracted to mammal dung and are therefore under-
sampled by baited pitfall traps: five species of the genus Anomiopus, 
as well as Bdelyrus paraensis and Dendropaemon aff. refulgens (18 in-
dividuals in total).

2.3  |  Understanding forest disturbance effects on 
community and ecological function

2.3.1  |  Community functional structure

We assessed dung beetle functional traits from individuals sampled 
in the 37 forest transects in 2016: five undisturbed, five logged, 
five burned and 15 logged- and- burned primary forest, and seven 
secondary forest sites (Figure 1, Table S1). To obtain trait data that 
accurately predict ecological functions, we recorded a suite of meas-
urements on all individuals for species with <50 individuals and at 
least 50 individuals of all other collected species (Griffiths et al., 
2016). Individuals were dried in the lab and weighed with a precision 
balance (0.0001 g). We then used digital calipers to measure: i) front 
leg length, ii) back leg length, and iii) pronotum width. The combined 
measurements gave the following functional traits: i) body mass 
(BM), ii) front leg length/BM, iii) pronotum width/BM, iv) back leg 
length/front leg length (Griffiths et al., 2015). We calculated the me-
dian value of each trait for each species, pooling data of traits from 
all forest classes. We also obtained information on v) dietary habit 
(coprophagous, necrophagous, and generalist), and vi) the functional 
guild of dung beetles (roller, dweller, or tunneler) following Halffter 
and Edmonds (1982), Griffiths et al., (2015) and Beiroz et al., (2017). 
The functional meaning and the relationship of each trait to dung 
beetle ecological functions are described in Table 1.

The trait measurements from the 37 transects gave functional 
trait data for 67.8% of all species collected in the 106 forest tran-
sects in 2010 (61 out of 90 species), representing 87.6% of the total 
abundance of dung beetles. As functional trait data were lacking for 
some species, we completed the dataset by extracting additional in-
formation on functional traits from the literature (Beiroz et al., 2017; 
Griffiths et al., 2015) and by estimating traits based on species BM. 
For the trait estimates, we used linear regressions of each measured 
trait against BM, using functional data for genera. We used functional 
data for tribes for seven genera, which each have ≤ five species. We 
then used the equation of the regression to estimate the value of 
each trait for a given species using its mean BM (See Appendix S1 –  
section B). In total, we measured BM of 83 species (3,658 individuals) 
and functional traits of 61 species (2,482 individuals). We estimated 
traits for 22 species based on measured BM, estimated traits for four 
species based on BM extracted from the literature and excluded 
three species for which we could find no functional trait data.

To assess the functional structure of dung beetle communities, 
we used data from the 106 forest transects sampled in 2010 (Table 
S1) to calculate Functional Richness (FRic), Functional Specialization 
(FSpe), and Functional Originality (FOri) following Mouillot et al., 
(2013). FRic is defined as the convex hull volume of the functional 
space filled by all species of a given community. The functional space 
was formed by PCoA axes, obtained using the functional distances 
of each pair of species based on Gower distance. We then used three 
PCoA axes to calculate the indices after evaluating the quality of 
functional space using the method proposed by Maire et al., (2015). 
FSpe is calculated from the mean Euclidean distance between each 
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species and the centroid of the species pool in the functional space, 
and FOri is expressed as the mean distance between each species 
and its nearest neighbor in functional space (Mouillot, Graham, et al., 
2013). Communities with many highly specialized species that per-
form specific functions have high FSpe and FOri values whereas high 
functional redundancy is indicated by low FSpe and FOri values. We 
standardized all three indices to values between 0 and 1: i) express-
ing FRic as a proportion of the volume filled by the total pool of 
species in the dataset, ii) dividing FSpe by the maximum distance 
to the rest of the species pool in functional space across the whole 
dataset, iii) dividing FOri by the maximum nearest- neighbor distance 
observed across all species in the dataset. We used correlation 
analyses to assess relationships among traits and diversity indices 
(correlation analysis in Appendix S2 –  D). Although some traits and 
all three indices covaried, we maintained all of them in our analy-
ses because each trait and index represents a distinct aspect of the 
functional diversity of dung beetles.

2.3.2  |  Dung beetle ecological function

To quantify dung beetle ecological function, we used a “function 
arena,” which consisted of a 1- m diameter circular plot, delimited by 
a nylon fence (20- cm height), with 200 g of dung (80% human, 20% 
pig) deposited in the center (Braga et al., 2013). To calculate dung 
removal (i.e., the ecological function), we weighed the remaining mass 
of the dung after 24 hours of exposure in the function arena. We in-
stalled the arenas in 60 of the 106 forest transects between April and 
August 2010 (Table S1): 12 in undisturbed, 13 in logged, 5 in burned 
and 13 in logged- and- burned primary forests, and 17 in secondary 
forests (Figure 1, Table S1). Per transect, we placed three function 
arenas, located at 0, 150, and 300 m. As dung removal was expressed 
as a proportion, we logit- transformed the data before the analysis.

2.3.3  |  Response to forest disturbance

Before testing the responses of dung beetle communities to forest 
disturbance, we estimated the sample completeness in our forest 
classes by an analyzing sample coverage using the iNEXT package 

(Hsieh et al., 2016). To assess whether forest disturbance promotes 
local species loss and consequently functional erosion (diversity and 
function), we performed generalized linear mixed models with a neg-
ative binomial error distribution (“nb.glmer” function) for richness 
and abundance of dung beetles, and linear mixed models (“lmer” 
function) for FRic, FSpe, FOri, mean species rarity, and dung removal 
(as a measure of ecological function) using the packages “lme4” for 
mixed models (Bates et al., 2013) and “phia” for contrast of factors 
(post- hoc) analyses (De Rosario- Martinez, 2015). We ran separate 
models using forest type, time since last disturbance (for primary 
forests), or regeneration time (for secondary forests) as explanatory 
variables and all models included catchment as a random effect. We 
ran the models of functional indices using only those transects that 
had at least 70% species with measured traits (101 forest transects; 
Table S1). Finally, to assess the potential influence of estimated trait 
data on our results, we also ran extinction scenarios and models of 
functional indices using only measured data from the 37 transects 
sampled in 2016 (see Appendix S2 –  B).

2.4  |  Simulating species loss

We simulated scenarios of species loss to assess the consequences 
of possible extinctions on the functional structure of dung beetle 
communities. We ran simulations for extinction scenarios at a local 
(transects) and a regional scale (pool of species), using dung bee-
tle communities from the undisturbed primary forest (12 transects), 
and assessing the outcomes of the scenarios from the change in the 
three functional indices.

For the regional simulations, we assessed three scenarios: 1) 
“rarest first” in which we sequentially removed species from the 
pool, from the rarest species (lowest RI values) to the most common 
species (highest RI values), and recalculated the three indices after 
each removal; 2) “common first” in which we sequentially removed 
species from the most common to the rarest; 3) “null scenario” in 
which we randomly removed species from the pool by shuffling the 
order of species removal 1000 times. We then evaluated the level of 
functional erosion (the decline in the values of the three functional 
indices) for each scenario, comparing the outcome of the first two 
scenarios against the null scenario.

TA B L E  1  Dung beetle functional traits used in the analyses with their related functional meaning and relationship with dung beetle 
ecological function

Functional traits Functional meaning Relationship with ecological functiona 

Body mass (BM) Size Amount of resource removed and buried

Front leg length / BM Robustness of front leg Digging capability and dung burial

Pronotum width / BM Robustness of prothorax Muscle tissue accommodation -  digging 
strength

Back leg length / front leg length Dung manipulation capability Ability of dung ball construction and rolling

Functional guild Resource allocation strategy How resource is removed, and soil is excavated

Dietary habitat Diet specialization Which kind of resource is removed

aHalffter and Edmonds (1982).
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The local simulations also included the same three scenarios, but 
we calculated FSpe and FOri indices for nine levels of species loss 
(from 10% to 90%), and we calculated FRic for seven levels (10% to 
70%), to ensure there were sufficient species per transect to calcu-
late the convex hull volume of the functional space in all scenarios 
(four species minimum; Mouillot, Graham, et al., 2013). We compared 
the values of functional indices resulting from the three scenarios 
using Friedman paired tests. The R codes to calculate the RI, run spe-
cies loss simulations and calculate functional indices are available at 
GitHub (https://github.com/cassi oalen carnu nes/funct ional_dung_
beetle) and Zenodo (https://doi.org/10.5281/zenodo.4688084).

3  |  RESULTS

We collected 26,339 individuals of 90 species across the 106 forest 
transects sampled in 2010 and 5,253 individuals of 63 species in the 
subset of 37 transects sampled in 2016. The most common species 
(Trichillum sp. 1, 1702 individuals) had a RI of 0.81 and the rarest 
species had an RI of 0.15 (Onthophagus aff. clypeatus, one individual), 
with a mean RI and standard deviation of 0.55 ± 0.13 across all spe-
cies. Levels of sample coverage for all forest classes were high (> 
91%, Appendix S2 –  C, Figure S6), even in burned forests for which 
we had only seven transects.

3.1  |  Effects of forest disturbance on dung beetle 
community and ecological function

Across the 106 transects, we found little evidence that primary 
forest disturbance affected dung beetle taxonomic diversity, as all 
primary forest classes (i.e. undisturbed, burned, logged, logged- and- 
burned) had similar dung beetle richness, abundance and mean RI. By 
contrast, secondary forests had significantly fewer individuals (χ2 = 
11.17, p = 0.024, n = 106), species (χ2 = 26.42, p < 0.001, n = 106), and 
rare species (χ2 = 13.21, p = 0.010, n = 106; Figure 2). Dung beetle 

richness, abundance, and mean RI were not influenced by time since 
last disturbance in primary forests or by regeneration time in sec-
ondary forests (Figure S1, Tables SA1 and SA2 in Appendix S2).

Local dung beetle communities (communities within transects) 
presented low values of functional richness (FRic: 4×10−6 –  0.03), 
functional specialization (FSpe: 0.24 –  0.43) and functional original-
ity (FOri: 0.01 –  0.14), indicating high functional redundancy. Dung 
beetle functional richness was unaffected by primary forest distur-
bance, and largely mirrored the pattern of taxonomic richness, with 
similar values in the four primary forest classes, but lower values 
in secondary forests (χ2 = 11.06, p = 0.025, n = 101; Figure 3a), al-
though the FRic of burned and logged- and- burned primary forests 
were similar to those in secondary forests. Neither FSpe nor FOri 
differed among forest classes (Figure 3b,c). None of the three indi-
ces was influenced by time since last disturbance in primary forests, 
and only FRic increased with regeneration time in secondary forests 
(Appendix S2: Figure S2 and Table SA1 and SA2).

The main ecosystem function (dung removal) was not affected 
by the lower taxonomic or functional richness of dung beetle com-
munities in secondary forests, as a similar proportion of dung was 
removed in all forest classes (χ2 = 1.53, p = 0.81, n = 60, Figure 4). 
Across all forest types, the proportion of dung removed ranged from 
40.8% to 100%, with a mean of 74.2%. Dung removal was not influ-
enced by time since last disturbance or regeneration time (Appendix 
S2: Figure S3, Tables SA1 and SA2).

3.2  |  Effects of species loss on functional structure

At the regional scale (total pool of species), we found little evidence 
to support our hypothesis that the loss of rare species would dispro-
portionately affect dung beetle community function. The values of 
functional indices in “rarest first” and “most common first” scenarios 
did not differ from those obtained under the null scenario of ran-
dom species loss (Figure 5a, b and c), except for a greater decline 
in FRic and FSpe with ~30% and ~45% loss of the rarest species, 

F I G U R E  2  a) Richness, b) abundance, and c) mean Rarity Index of dung beetle communities in 106 transects along an Amazon forest 
disturbance gradient. Different letters represent statistical differences among forest classes at p < 0.05; black dots are outliers and lines 
inside boxplots represent median values. UF is primary undisturbed forest (n = 12), LF is primary logged forest (n = 25), BF is primary burned 
forest (n = 7), LBF is primary logged- and- burned forest (n = 23), and SF is secondary forest (n = 39)
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respectively (Figure 5). However, at the local scale a 20% loss of the 
rarest dung beetle species resulted in a greater decline in FRic, FSpe, 
and FOri than the null scenario (Figure 5d, e and f). A 30% loss of the 
rarest species more than halved FRic, and the declines in FRic were 
also greater with the loss of rare species compared to the null sce-
nario with up to 70% of total local species loss (Figure 5d). FSpe fol-
lowed the same pattern as FRic (Figure 5e), whereas FOri decreased 
with 20 to 40% loss of the rarest species but was similar to the null 
scenario for 50 to 80% loss of the rarest species (Figure 6f). By con-
trast, the loss of the most common species led to an increase in FRic, 
FSpe, and FOri compared to the null model (Figure 5 d, e and f).

The simulations using measured functional traits only (i.e., ex-
cluding species for which we estimated traits) produced very similar 
results at the regional scale, except that none of the indices declined 
more than the null model when the rarest species were lost first 

(Appendix S2 –  B: Figure S5 a, b and c). At the local scale, simulations 
using only measured traits produced different results from those 
obtained using species with estimated traits, with all three scenar-
ios (“rarest first,” “most common” first and null) showing similar re-
sponses for the three indices (Appendix S2 –  B: Figure S5 d, e and f).

4  |  DISCUSSION

We found strong evidence that the loss of rare species will dispro-
portionately affect dung beetle community functional structure at 
the local scale: our extinction scenarios demonstrated that 20% 
of rare species loss at the local scale would result in an erosion of 
functional structure (i.e., loss of functional richness, specialization, 
and originality). By contrast, we found little evidence that rare spe-
cies contributed disproportionately to the functional structure of 
the species pool of dung beetles at the regional scale. Accordingly, 
our empirical data also revealed a remarkably little effect of primary 
forest disturbance on the functional structure of dung beetle com-
munities. Thus, we propose that high functional redundancy at the 
regional scale offsets the impact of rare species losses and makes 
dung beetle communities functionally resistant to primary forest 
disturbance at local scales.

4.1  |  Functional resistance to forest disturbance

The level of primary forest disturbance in our study did not substan-
tially affect dung beetle diversity or functional metrics, as we de-
tected no change in community structure or function in response to 
logging, burning, or time since last disturbance. A similar lack of re-
sponse to primary forest disturbance was also found for ant species 
richness in the Brazilian Amazon (Solar et al., 2016). It is possible that 
high variability among sites masked the detection of changes, since 
the disturbance classes we used were broad and included sites with 

F I G U R E  3  a) Functional richness (FRic), b) specialization (FSpe), and c) originality (FOri) of dung beetle communities in 101 transects along 
an Amazon forest disturbance gradient. Different letters represent statistical differences among forest classes at p < 0.05; black dots are 
potential outliers and lines inside boxplots represent median values. UF is primary undisturbed forest (n = 12), LF is primary logged forest 
(n = 25), BF is primary burned forest (n = 7), LBF is primary logged- and- burned forest (n = 23), and SF is secondary forest (n = 34)
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different levels of disturbance and recovery times (Appendix S2). 
Nonetheless, our extinction scenarios suggest that the extent of 
actual species loss in disturbed primary forests was indeed too low 
to result in a substantial erosion of dung beetle community func-
tional structure: even the most disturbed primary forests (logged- 
and- burned) presented similar mean species richness compared to 
undisturbed primary forests (Figure 2b). Dung beetle communities 
are mainly composed of generalist species (Hanski & Cambefort, 
1991) and previous studies have revealed functional redundancy in 
dung beetle communities in undisturbed forests (Beiroz et al., 2018), 
fragmented forests (Barragán et al., 2011), and across environmental 
gradients (Nunes et al., 2016). Shared traits across generalist species 
explain the low levels of functional originality (a measure of unique-
ness) in our study, and suggest functional redundancy in dung beetle 
communities (Mouillot, Graham, et al., 2013).

Although our study demonstrates resistance of dung beetle com-
munity structure to primary forest disturbance, the lower functional 

richness, species richness, abundance, and number of rare species 
in secondary forests demonstrate that deforestation has a major 
impact on dung beetle community composition and functional trait 
diversity (Figures 2 and 3a). Secondary forests establish after forest 
clearance and subsequent abandonment, usually after some form of 
agricultural use (Lennox et al., 2018). Therefore, the high variation in 
soil properties, vegetation, and mammal communities of secondary 
forests (Berenguer et al., 2014; Lennox et al., 2018; Parry et al., 2007) 
result in major differences in dung beetle communities (Solar et al., 
2015). Furthermore, dung beetle communities in secondary forests 
need to re- establish after the forest starts to regenerate, which 
depends on species arrival (dispersal) and colonization in the new 
patches of forest through metacommunity processes. Nonetheless, 
the similar levels of dung removal, despite lower dung beetle abun-
dance, species richness, and functional richness in secondary forests 
in comparison with primary forests, suggest that less diverse dung 
beetle communities can maintain functionality in these forests.

F I G U R E  5  Simulations of regional (a- c) and local (d- e) dung beetle species extinction in undisturbed Brazilian Amazon Forest, showing the 
effects of species loss on functional richness (FRic, a and d), specialization (FSpe, b and e) and originality (FOri, c and f); scenarios were based 
on losing the rarest species first (solid black line) and losing the most common species first (dashed black line), compared to a null scenario 
of random species loss (solid grey line); mean values and confidence intervals based on 1000 random simulations (shading) are shown for 
undisturbed primary forests for the regional scenarios and error bars (standard error) are given for n = 12 transects for the local scenarios; 
n.s. denotes a nonsignificant difference compared to the null scenario at p < 0.05; note that figures e and f have different y axis scales

Losing species randomly

(a) (c)

Losing rarest species first Losing most common species first

Regional Species Loss (%)

FO
ri

FR
ic

Local Species Loss (%)

(d) (f)(e)

Losing species randomlyLosing most common species firstLosing rarest species first

0.0

0.2

0.4

0.6

0.8

1.0

0 25 50 75 100

FS
pe

(b)

FS
pe

0.0

0.2

0.4

0.6

0.8

1.0

FR
ic

0 25 50 75 100

0.0

0.2

0.4

0.6

0.8

1.0

FO
ri

0 25 50 75 100

0.0

0.2

0.4

0.6

0.8

1.0

0 20 40 6010 30 50 70

0.20

0.30

0.40

0.50

0 20 40 60 80 100

0.05

0.10

0.15

0.20

0.25

0 20 40 60 80 100

n.s.

n.s.

n.s.

n.s.
n.s. n.s.

n.s.

n.s.

n.s.
n.s.

n.s.
n.s.

n.s.



1518  |     NUNES Et al.

4.2  |  Species loss at different scales

Our simulated extinction scenarios provide further evidence of the 
high functional redundancy of dung beetle communities. However, 
we also demonstrate that the effect of species losses on functional 
structure is scale- dependent, whereby higher- level processes can at 
least temporarily offset losses at a local scale. At the regional scale, 
the functional structure of dung beetle communities barely differed 
among the three species- loss scenarios –  rarest first, most common 
first, or random loss of species. It is noteworthy that the values of 
FOri hardly declined, even with 75% of species loss in all scenarios 
(Figure 5), as this indicates that the regional species pool is function-
ally redundant and functional structure is highly resistant to species 
losses. Our results also imply that rare dung beetles are not neces-
sarily highly specialized and consequently do not contribute unique 
traits or functions to the regional pool of species; this can be ex-
plained by the high nestedness of mammal– dung beetle networks 
(Bogoni et al., 2019; Raine et al., 2018), whereby common species 
feed in a wide range of mammal dung types, whereas rarer species 
feed in a subset of these dung types. Hence, as there is a relatively 
low level of specialization within the dung beetle community, there 
is a high probability that other species will share the same functional 
traits, regardless of whether rare or common species are lost from 
the community. As such, results from dung beetles may not reflect 
more functionally diverse invertebrate groups but the patterns ob-
served in our extinction scenarios likely apply to broad ecosystem 
functions and other communities dominated by generalist taxa.

Despite the high resistance of community functional structure 
at the regional scale, we observed a greater erosion of functional 
structure with the loss of rare species at the local scale, which was a 
prediction of our hypothesis based on studies with other taxa (e.g., 
Leitão et al., 2016). Functional richness, specialization and original-
ity declined more than expected based on the random loss scenario 
when 20% of the rarest species were lost. The rarest species are 
more vulnerable to extinctions because they have low local abun-
dance, as well as limited geographical range and h (Davies et al., 
2004; Harnik et al., 2012), and therefore our scenario predicting that 
rare species will be lost first is likely to be realistic. The simulated 
20% rare species loss threshold at a local scale also explains why we 
found no significant effect of primary forest disturbance on dung 
beetle community structure and function across our field transects, 
as the overall decline in species richness relative to undisturbed for-
ests was generally <20%. By contrast, dung beetle species richness 
in secondary forest transects was 16– 68% lower than in undisturbed 
primary forests, and hence the lower values of functional richness in 
secondary forest sites are in line with the declines predicted in our 
extinction models. Indeed, for the range of species loss we observed 
in our field data in secondary forests, the random extinction sce-
nario predicted a decline of 11– 79% in FRic, and the rare species loss 
scenario predicted a decline of 12– 85%, which is comparable to the 
measured decline in FRic (20– 99%, Figures 3a and 5d).

Although we found no evidence for substantial loss of species in 
our primary disturbed forests, more intense disturbance, frequent 

logging (França et al., 2017), fires (de Andrade et al., 2014), and other 
types of forest degradation such as hunting (Nichols et al., 2013), can 
exacerbate species loss and compositional changes in dung beetle 
communities. Furthermore, dung beetle community structure and 
function could decline rapidly with lower levels of primary forest 
disturbance in fragmented landscapes with an eroded regional spe-
cies pool. Under these scenarios, a local loss of 20% of rare species 
is plausible, which would lead to the erosion of functional structure 
and could jeopardize the ecological functions of dung beetle com-
munities. Thus, our extinction models accurately predicted the func-
tional structure of dung beetle communities in our disturbed and 
secondary forest transects, but additional field studies in severely 
degraded tropical forests are needed to assess the impacts of high 
extinction rates.

Functional redundancy at larger spatial scales likely stabilizes 
ecosystem functioning via species dispersal (Loreau et al., 2003; 
Pasari et al., 2013; Wang & Loreau, 2014) and dung beetles have 
great dispersal capability (da Silva & Hernández, 2015). Accordingly, 
communities from disturbed forests could be supplemented by im-
migration from nearby undisturbed forests through metacommunity 
dynamics, similar to processes after fires in open habitats (Brotons 
et al., 2005; Nunes et al., 2019). Hence, our study suggests that the 
functional redundancy at regional scales confers resistance to for-
est disturbance by buffering the effect of local species losses on 
community functional structure. By contrast, the “spatial insurance 
hypothesis” states that changes in community composition at small 
scales insure ecosystem functioning at larger scales (Wang & Loreau, 
2014; Yachi & Loreau, 1999). Rather than contradicting the spatial in-
surance hypothesis, our results add to the theory by demonstrating 
that functional insurance could work both ways, whereby insurance 
against species losses at the local level can also be provided by the 
regional pool of species and traits, at least for generalist taxa that 
have good dispersal capabilities. It is conceivable that our extinc-
tion models could be adapted to other biological communities domi-
nated by generalist taxa and that fulfil general ecosystem functions. 
Consequently, maintaining a network of undisturbed ecosystems at 
regional scales could insure against local losses of other species and 
ecosystem functions.

ACKNOWLEDG MENTS
We are grateful to the following for financial support: Instituto 
Nacional de Ciência e Tecnologia –  Biodiversidade e Uso da Terra 
na Amazônia (CNPq 574008/2008- 0), Empresa Brasileira de 
Pesquisa Agropecuária –  Embrapa (SEG: 02.08.06.005.00), the UK 
government Darwin Initiative (17- 023), The Nature Conservancy, 
and the UK Natural Environment Research Council (NERC; NE/
F01614X/1, NE/G000816/1, NE/K016431/1, and NE/P004512/1). 
CAN was funded with a PhD scholarship by the Coordenação de 
Aperfeiçoamento de Pessoal de Nível Superior –  Brasil (CAPES) –  
Finance Code 001. FF was funded by Conselho Nacional de Pesquisa 
-  CNPq (PELD- RAS 441659/2016- 0, 88887.186650/2018- 00 
and 88887.358233/2019- 00) and by the Climate and Biodiversity 
Initiative of BNP Paribas Foundation (project BIOCLIMATE). RS is 



    |  1519NUNES Et al.

grateful to CNPq for his research fellowship (305739/2019- 0). We 
are thankful to Toby Gardner, Joice Ferreira, and Raimundo Cosme 
de Oliveira Júnior for their contribution on initial sampling design-
ing and data collection. We would like to thank the Large Scale 
Biosphere- Atmosphere Program (LBA) for logistical and infrastruc-
ture support during field measurements. We are deeply grateful to 
all field and laboratory assistants that helped with data collection 
and to Nathália Carvalho that made the map for Figure 1. We also 
thank all collaborating private landowners for their support and ac-
cess to their land. This is RAS publication number 83.

CONFLIC T OF INTERE S T
No potential conflict of interest was reported by the authors.

AUTHOR CONTRIBUTIONS
Conceptualization: CAN, JB, FF, EB, RRCS, JL, RL and EJS; 
Investigation: CAN, FF, EB, RRCS, LM, VHFO, RFB, FVM; Formal 
Analysis: CAN, RRCS and RL; Supervision: JB, RRCS, JL and EJS; 
Writing –  original draft: CAN, JB and EJS; Writing –  review & edit-
ing: CAN, JB, FF, EB, RRCS, JL, RL, LM, EJS.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are openly available 
in Zenodo at http://doi.org/10.5281/zenodo.4688084, along with 
the codes to run the analyses in R software.

ORCID
Cássio Alencar Nunes  https://orcid.org/0000-0002-2783-0210 
Jos Barlow  https://orcid.org/0000-0003-4992-2594 
Filipe França  https://orcid.org/0000-0003-3827-1917 
Erika Berenguer  https://orcid.org/0000-0001-8157-8792 
Ricardo R. C. Solar  https://orcid.org/0000-0001-5627-4017 
Julio Louzada  https://orcid.org/0000-0002-1481-3112 
Rafael P. Leitão  https://orcid.org/0000-0001-7990-0068 
Laís F. Maia  https://orcid.org/0000-0001-6391-3518 
Victor H. F. Oliveira  https://orcid.org/0000-0002-0553-0268 
Rodrigo Fagundes Braga  https://orcid.
org/0000-0001-5082-3070 
Fernando Z. Vaz- de- Mello  https://orcid.
org/0000-0001-9697-320X 
Emma J. Sayer  https://orcid.org/0000-0002-3322-4487 

R E FE R E N C E S
Baccini, A., Walker, W., Carvalho, L., Farina, M., Sulla- Menashe, 

D., & Houghton, R. A. (2017). Tropical forests are a net car-
bon source based on aboveground measurements of gain and 
loss. Science (80- ), 358, 230– 234. https://doi.org/10.1126/scien 
ce.aam5962

Barlow, J., França, F., Gardner, T. A., Hicks, C. C., Lennox, G. D., Berenguer, 
E., Castello, L., Economo, E. P., Ferreira, J., Guénard, B., Gontijo 
Leal, C., Isaac, V., Lees, A. C., Parr, C. L., Wilson, S. K., Young, P. 
J., & Graham, N. A. J. (2018). The future of hyperdiverse tropical 
ecosystems. Nature, 559, 517– 526. https://doi.org/10.1038/s4158 
6- 018- 0301- 1

Barlow, J., Lennox, G. D., Ferreira, J., Berenguer, E., Lees, A. C., Nally, R. 
M., Thomson, J. R., Ferraz, S. F. D. B., Louzada, J., Oliveira, V. H. F., 
Parry, L., Ribeiro de Castro Solar, R., Vieira, I. C. G., Aragão, L. E. O. 
C., Begotti, R. A., Braga, R. F., Cardoso, T. M., Jr, R. C. D. O., Souza Jr, 
C. M., … Gardner, T. A. (2016). Anthropogenic disturbance in tropi-
cal forests can double biodiversity loss from deforestation. Nature, 
535, 144– 147. https://doi.org/10.1038/natur e18326

Barragán, F., Moreno, C. E., Escobar, F., Halffter, G., & Navarrete, D. 
(2011). Negative impacts of human land use on dung beetle func-
tional diversity. PLoS One, 6, e17976. https://doi.org/10.1371/journ 
al.pone.0017976

Bates, D., Maechler, M., Bolker, B., & Walker, S. (2013). lme4: Linear 
mixed- effects models using Eigen and S4. R package version 1.0- 5. 
Retrieved from http://cran.r- proje ct.org/packa ge=lme4

Beiroz, W., Sayer, E., Slade, E. M., Audino, L., Braga, R. F., Louzada, J., 
& Barlow, J. (2018). Spatial and temporal shifts in functional and 
taxonomic diversity of dung beetles in a human- modified tropical 
forest landscape. Ecological Indicators, 95, 518– 526. https://doi.
org/10.1016/j.ecoli nd.2018.07.062

Beiroz W., Slade E. M., Barlow J., Silveira J. M., Louzada J., Sayer E. 
(2017). Dung beetle community dynamics in undisturbed tropical 
forests: implications for ecological evaluations of land- use change. 
Insect Conservation and Diversity, 10(1), 94– 106. http://dx.doi.
org/10.1111/icad.12206

Berenguer, E., Ferreira, J., Gardner, T. A., Aragão, L. E. O. C., De Camargo, 
P. B., Cerri, C. E., Durigan, M., De Oliveira, R. C., Vieira, I. C. G., & 
Barlow, J. (2014). A large- scale field assessment of carbon stocks in 
human- modified tropical forests. Glob. Chang. Biol., 20, 3713– 3726. 
https://doi.org/10.1111/gcb.12627

Bogoni, J. A., da Silva, P. G., & Peres, C. A. (2019). Co- declining mammal– 
dung beetle faunas throughout the Atlantic Forest biome of South 
America. Ecography (Cop.), 42, 1803– 1818. https://doi.org/10.1111/
ecog.04670

Braga, R. F., Korasaki, V., Andresen, E., & Louzada, J. (2013). Dung beetle 
community and functions along a habitat- disturbance gradient in 
the Amazon: a rapid assessment of ecological functions associated 
to biodiversity. PLoS One, 8, e57786. https://doi.org/10.1371/journ 
al.pone.0057786

Brotons, L., Pons, P., & Herrando, S. (2005). Colonization of dy-
namic Mediterranean landscapes: where do birds come from 
after fire? Journal of Biogeography, 32, 789– 798. https://doi.
org/10.1111/j.1365- 2699.2004.01195.x

Cadotte, M. W., Carscadden, K., & Mirotchnick, N. (2011). Beyond spe-
cies: functional diversity and the maintenance of ecological pro-
cesses and services. Journal of Applied Ecology, 48, 1079– 1087. 
https://doi.org/10.1111/j.1365- 2664.2011.02048.x

Cardoso, P., Erwin, T. L., Borges, P. A. V., & New, T. R. (2011). The seven 
impediments in invertebrate conservation and how to over-
come them. Biological Conservation, 144, 2647– 2655. https://doi.
org/10.1016/j.biocon.2011.07.024

Castello, L., Mcgrath, D. G., Hess, L. L., Coe, M. T., Lefebvre, P. A., Petry, 
P., Macedo, M. N., Renó, V. F., & Arantes, C. C. (2013). The vulner-
ability of Amazon freshwater ecosystems. Conservation Letters, 6, 
217– 229. https://doi.org/10.1111/conl.12008

da Silva, P. G., & Hernández, M. I. M. (2015). Spatial patterns of move-
ment of dung beetle species in a tropical forest suggest a new 
trap spacing for dung beetle biodiversity studies. PLoS One, 10(5), 
e0126112– https://doi.org/10.1371/journ al.pone.0126112

Davies K. F., Margules C. R., Lawrence J. F. (2004). A synergistic effect 
puts rare, specialized species at greater risk of extinction. Ecology, 
85(1), 265– 271. http://dx.doi.org/10.1890/03- 0110

de Andrade, R. B., Barlow, J., Louzada, J., Vaz- de- Mello, F. Z., Silveira, 
J. M., & Cochrane, M. A. (2014). Tropical forest fires and biodiver-
sity: dung beetle community and biomass responses in a northern 

http://doi.org/10.5281/zenodo.4688084
https://orcid.org/0000-0002-2783-0210
https://orcid.org/0000-0002-2783-0210
https://orcid.org/0000-0003-4992-2594
https://orcid.org/0000-0003-4992-2594
https://orcid.org/0000-0003-3827-1917
https://orcid.org/0000-0003-3827-1917
https://orcid.org/0000-0001-8157-8792
https://orcid.org/0000-0001-8157-8792
https://orcid.org/0000-0001-5627-4017
https://orcid.org/0000-0001-5627-4017
https://orcid.org/0000-0002-1481-3112
https://orcid.org/0000-0002-1481-3112
https://orcid.org/0000-0001-7990-0068
https://orcid.org/0000-0001-7990-0068
https://orcid.org/0000-0001-6391-3518
https://orcid.org/0000-0001-6391-3518
https://orcid.org/0000-0002-0553-0268
https://orcid.org/0000-0002-0553-0268
https://orcid.org/0000-0001-5082-3070
https://orcid.org/0000-0001-5082-3070
https://orcid.org/0000-0001-5082-3070
https://orcid.org/0000-0001-9697-320X
https://orcid.org/0000-0001-9697-320X
https://orcid.org/0000-0001-9697-320X
https://orcid.org/0000-0002-3322-4487
https://orcid.org/0000-0002-3322-4487
https://doi.org/10.1126/science.aam5962
https://doi.org/10.1126/science.aam5962
https://doi.org/10.1038/s41586-018-0301-1
https://doi.org/10.1038/s41586-018-0301-1
https://doi.org/10.1038/nature18326
https://doi.org/10.1371/journal.pone.0017976
https://doi.org/10.1371/journal.pone.0017976
http://cran.r-project.org/package=lme4
https://doi.org/10.1016/j.ecolind.2018.07.062
https://doi.org/10.1016/j.ecolind.2018.07.062
http://dx.doi.org/10.1111/icad.12206
http://dx.doi.org/10.1111/icad.12206
https://doi.org/10.1111/gcb.12627
https://doi.org/10.1111/ecog.04670
https://doi.org/10.1111/ecog.04670
https://doi.org/10.1371/journal.pone.0057786
https://doi.org/10.1371/journal.pone.0057786
https://doi.org/10.1111/j.1365-2699.2004.01195.x
https://doi.org/10.1111/j.1365-2699.2004.01195.x
https://doi.org/10.1111/j.1365-2664.2011.02048.x
https://doi.org/10.1016/j.biocon.2011.07.024
https://doi.org/10.1016/j.biocon.2011.07.024
https://doi.org/10.1111/conl.12008
https://doi.org/10.1371/journal.pone.0126112
http://dx.doi.org/10.1890/03-0110


1520  |     NUNES Et al.

Brazilian Amazon forest. Journal of Insect Conservation, 18, 1097– 
1104. https://doi.org/10.1007/s1084 1- 014- 9719- 4

de Andrade, S. C. P., & Corrêa, J. A. (2014). Estimativa do saldo de ra-
diação instantâneo à superfície para a cidade de Santarém- PA, 
através de imagens do Landsat 5- TM. Revista Brasileira Geografia 
Física, 07, 653– 661.

De Rosario- Martinez, H. (2015). phia: Post- Hoc Interaction Analysis. 
Retrieved from https://cran.r- proje ct.org/packa ge=phia

deCastro- Arrazola, I., Hortal, J., Noriega, J. A., & Sánchez- Piñero, F. 
(2020). Assessing the functional relationship between dung beetle 
traits and dung removal, burial, and seedling emergence. Ecology, 
101, 1– 7. https://doi.org/10.1002/ecy.3138

Dolédec, S., Chessel, D., Gimaret- Carpentier, C. (2000). 
Niche separation in community analysis: a new method. 
Ecology, 81(10), 2914– 2927. https://doi.org/10.1890/ 
0012- 9658(2000)081[2914:NSICAA]2.0.CO;2

Dray, S., & Dufour, A.- B. (2007). The ade4 Package: Implementing the 
duality diagram for ecologists. Journal of Statistical Software, 22. 
http://www.jstat soft.org/v22/i04/

França, F. M., Benkwitt, C. E., Peralta, G., Robinson, J. P. W., Graham, N. A. 
J., Tylianakis, J. M., Berenguer, E., Lees, A. C., Ferreira, J., Louzada, 
J., & Barlow, J. (2020). Climatic and local stressor interactions 
threaten tropical forests and coral reefs. Philosophical Transactions 
of the Royal Society B: Biological Sciences, 375, 20190116. https://
doi.org/10.1098/rstb.2019.0116

França, F. M., Frazão, F. S., Korasaki, V., Louzada, J., & Barlow, J. (2017). 
Identifying thresholds of logging intensity on dung beetle com-
munities to improve the sustainable management of Amazonian 
tropical forests. Biological Conservation, 216, 115– 122. https://doi.
org/10.1016/j.biocon.2017.10.014

França, F., Louzada, J., & Barlow, J. (2018). Selective logging effects on 
‘brown world’ faecal- detritus pathway in tropical forests: A case study 
from Amazonia using dung beetles. Forest Ecology and Management, 
410, 136– 143. https://doi.org/10.1016/j.foreco.2017.12.027

Gagic, V., Bartomeus, I., Jonsson, T., Taylor, A., Winqvist, C., Fischer, 
C., Slade, E. M., Steffan- Dewenter, I., Emmerson, M., Potts, S. G., 
Tscharntke, T., Weisser, W., & Bommarco, R. (2015). Functional 
identity and diversity of animals predict ecosystem functioning 
better than species- based indices. Proceedings of the Royal Society 
B, 282, 20142620. https://doi.org/10.1098/rspb.2014.2620

Gardner, T. A. et al. (2013). A social and ecological assessment of tropi-
cal land uses at multiple scales: the Sustainable Amazon Network. 
Philosophical Transactions of the Royal Society B, 368, 20120166. 
https://doi.org/10.1098/rstb.2012.0166

Gardner, T. A., Barlow, J., Araujo, I. S., Ávila- Pires, T. C., Bonaldo, A. B., 
Costa, J. E., Esposito, M. C., Ferreira, L. V., Hawes, J., Hernandez, M. 
I. M., Hoogmoed, M. S., Leite, R. N., Lo- Man- Hung, N. F., Malcolm, 
J. R., Martins, M. B., Mestre, L. A. M., Miranda- Santos, R., Overal, 
W. L., Parry, L., … Peres, C. A. (2008). The cost- effectiveness of bio-
diversity surveys in tropical forests. Ecology Letters, 11, 139– 150. 
https://doi.org/10.1111/j.1461- 0248.2007.01133.x

Gómez- Cifuentes, A., Munevar, A., Gimenez, V. C., Gatti, M. G., & Zurita, 
G. A. (2017). Influence of land use on the taxonomic and functional 
diversity of dung beetles (Coleoptera: Scarabaeinae) in the south-
ern Atlantic forest of Argentina. Journal of Insect Conservation, 21, 
147– 156. https://doi.org/10.1007/s1084 1- 017- 9964- 4

Griffiths, H. M., Louzada, J., Bardgett, R. D., & Barlow, J. (2016). Assessing 
the importance of intraspecific variability in dung beetle functional 
traits. PLoS One, 11(3), e0145598. http://dx.doi.org/10.1371/journ 
al.pone.0145598

Griffiths, H. M., Louzada, J., Bardgett, R. D., Beiroz, W., França, F., 
Tregidgo, D., & Barlow, J. (2015). Biodiversity and environmental 
context predict dung beetle- mediated seed dispersal in a tropi-
cal forest field experiment. Ecology, 96, 1607– 1619. https://doi.
org/10.1890/14- 1211.1

Halffter, G., & Edmonds, W. D. (1982). The nesting behaviour of dung bee-
tles (Scarabaeinae): an ecological and evolutive approach. Instituto de 
Ecología.

Halffter, G., & Favila, M. E. (1993). The Scarabaeinae (Insecta: Coleoptera) 
an animal group for analyzing, inventorying and monitoring biodi-
versity in tropical rainforest and modified landscapes. Biological 
International, 27, 15– 21.

Halpern, B. S., Walbridge, S., Selkoe, K. A., Kappel, C. V., Micheli, F., 
D’Agrosa, C., Bruno, J. F., Casey, K. S., Ebert, C., Fox, H. E., Fujita, 
R., Heinemann, D., Lenihan, H. S., Madin, E. M. P., Perry, M. T., Selig, 
E. R., Spalding, M., Steneck, R., & Watson, R. (2008). A global map of 
human impact on marine ecosystems. Science, 319(5865), 948– 952. 
https://doi.org/10.1126/scien ce.1149345

Hanski, I., & Cambefort, Y. (1991). Dung beetle ecology, (481). Princeton 
University Press. https://doi.org/10.1515/97814 00862092

Harnik, P. G., Simpson, C., & Payne, J. L. (2012). Long- term differences 
in extinction risk among the seven forms of rarity. Proceedings of 
the Royal Society B- Biological Sciences, 279, 4969– 4976. https://doi.
org/10.1098/rspb.2012.1902

Hsieh T. C., Ma K. H., Chao A. (2016). iNEXT: an R package for rar-
efaction and extrapolation of species diversity (Hill numbers). 
Methods in Ecology and Evolution, 7(12), 1451– 1456. http://dx.doi.
org/10.1111/2041- 210x.12613

Jain, M., Flynn, D. F. B., Prager, C. M., Hart, G. M., DeVan, C. M., Ahrestani, 
F. S., Palmer, M. I., Bunker, D. E., Knops, J. M. H., Jouseau, C. F., 
& Naeem, S. (2014). The importance of rare species: a trait- based 
assessment of rare species contributions to functional diversity 
and possible ecosystem function in tall- grass prairies. Ecology and 
Evolution, 4, 104– 112. https://doi.org/10.1002/ece3.915

Leitão, R. P., Zuanon, J., Mouillot, D., Leal, C. G., Hughes, R. M., Kaufmann, 
P. R., Villéger, S., Pompeu, P. S., Kasper, D., de Paula, F. R., Ferraz, 
S. F. B., & Gardner, T. A. (2018). Disentangling the pathways of 
land use impacts on the functional structure of fish assemblages 
in Amazon streams. Ecography (Cop.), 41, 219– 232. https://doi.
org/10.1111/ecog.02845

Leitão, R. P., Zuanon, J., Villéger, S., Williams, S. E., Baraloto, C., Fortunel, 
C., Mendonça, F. P., & Mouillot, D. (2016). Rare species contribute 
disproportionately to the functional structure of species assem-
blages. Proceedings of the Royal Society B- Biological Sciences, 283, 
20160084. https://doi.org/10.1098/rspb.2016.0084

Lennox, G. D., Gardner, T. A., Thomson, J. R., Ferreira, J., Berenguer, 
E., Lees, A. C., Mac Nally, R., Aragão, L. E. O. C., Ferraz, S. F. B., 
Louzada, J., Moura, N. G., Oliveira, V. H. F., Pardini, R., Solar, R. R. C., 
Vaz- de Mello, F. Z., Vieira, I. C. G., & Barlow, J. (2018). Second rate 
or a second chance? Assessing biomass and biodiversity recovery in 
regenerating Amazonian forests. Global Change Biology, 24, 5680– 
5694. https://doi.org/10.1111/gcb.14443

Loreau, M., Mouquet, N., & Gonzalez, A. (2003). Biodiversity as spatial 
insurance in heterogeneous landscapes. Proceedings of the National 
Academy of Sciences, 100, 12765– 12770. https://doi.org/10.1073/
pnas.22354 65100

Loreau, M., Mouquet, N., & Holt, R. D. (2003). Meta- ecosystems: A the-
oretical framework for a spatial ecosystem ecology. Ecology Letters, 
6, 673– 679. https://doi.org/10.1046/j.1461- 0248.2003.00483.x

Maire, E., Grenouillet, G., Brosse, S., & Villéger, S. (2015). How many 
dimensions are needed to accurately assess functional diver-
sity? A pragmatic approach for assessing the quality of functional 
spaces. Global Ecology and Biogeography, 24, 728– 740. https://doi.
org/10.1111/geb.12299

Malhi, Y., Gardner, T. A., Goldsmith, G. R., Silman, M. R., & Zelazowski, 
P. (2014). Tropical forests in the Anthropocene. Annual Review of 
Environment and Resources, 39, 125– 159. https://doi.org/10.1146/
annur ev- envir on- 03071 3- 155141

Mitchell, M. G. E., Suarez- Castro, A. F., Martinez- Harms, M., Maron, M., 
McAlpine, C., Gaston, K. J., Johansen, K., & Rhodes, J. R. (2015). 

https://doi.org/10.1007/s10841-014-9719-4
https://cran.r-project.org/package=phia
https://doi.org/10.1002/ecy.3138
http://www.jstatsoft.org/v22/i04/
https://doi.org/10.1098/rstb.2019.0116
https://doi.org/10.1098/rstb.2019.0116
https://doi.org/10.1016/j.biocon.2017.10.014
https://doi.org/10.1016/j.biocon.2017.10.014
https://doi.org/10.1016/j.foreco.2017.12.027
https://doi.org/10.1098/rspb.2014.2620
https://doi.org/10.1098/rstb.2012.0166
https://doi.org/10.1111/j.1461-0248.2007.01133.x
https://doi.org/10.1007/s10841-017-9964-4
http://dx.doi.org/10.1371/journal.pone.0145598
http://dx.doi.org/10.1371/journal.pone.0145598
https://doi.org/10.1890/14-1211.1
https://doi.org/10.1890/14-1211.1
https://doi.org/10.1126/science.1149345
https://doi.org/10.1515/9781400862092
https://doi.org/10.1098/rspb.2012.1902
https://doi.org/10.1098/rspb.2012.1902
http://dx.doi.org/10.1111/2041-210x.12613
http://dx.doi.org/10.1111/2041-210x.12613
https://doi.org/10.1002/ece3.915
https://doi.org/10.1111/ecog.02845
https://doi.org/10.1111/ecog.02845
https://doi.org/10.1098/rspb.2016.0084
https://doi.org/10.1111/gcb.14443
https://doi.org/10.1073/pnas.2235465100
https://doi.org/10.1073/pnas.2235465100
https://doi.org/10.1046/j.1461-0248.2003.00483.x
https://doi.org/10.1111/geb.12299
https://doi.org/10.1111/geb.12299
https://doi.org/10.1146/annurev-environ-030713-155141
https://doi.org/10.1146/annurev-environ-030713-155141


    |  1521NUNES Et al.

Reframing landscape fragmentation’s effects on ecosystem ser-
vices. Trends in Ecology & Evolution, 30, 190– 198. https://doi.
org/10.1016/j.tree.2015.01.011

Mouillot, D., Bellwood, D. R., Baraloto, C., Chave, J., Galzin, R., Harmelin- 
Vivien, M., Kulbicki, M., Lavergne, S., Lavorel, S., Mouquet, N., Paine, 
C. E. T., Renaud, J., & Thuiller, W. (2013). Rare species support vul-
nerable functions in high- diversity ecosystems. PLoS Biology, 11(5), 
e1001569. http://dx.doi.org/10.1371/journ al.pbio.1001569

Mouillot, D., Graham, N. A. J., Villéger, S., Mason, N. W. H., & Bellwood, 
D. R. (2013). A functional approach reveals community responses 
to disturbances. Trends in Ecology & Evolution, 28, 167– 177. https://
doi.org/10.1016/j.tree.2012.10.004

Newbold, T. et al. (2015). Global effects of land use on local terrestrial 
biodiversity. Nature, 520, 45– 50.

Newbold, T., Bentley, L. F., Hill, S. L. L., Edgar, M. J., Horton, M., Su, G., 
Şekercioğlu, Ç. H., Collen, B., & Purvis, A. (2020). Global effects of 
land use on biodiversity differ among functional groups. Functional 
Ecology, 34(3), 684– 693. https://doi.org/10.1111/1365- 2435.13500

Nichols, E., Spector, S., Louzada, J., Larsen, T., Amezquita, S., & Favila, 
M. E. (2008). Ecological functions and ecosystem services provided 
by Scarabaeinae dung beetles. Biological Conservation, 141, 1461– 
1474. https://doi.org/10.1016/j.biocon.2008.04.011

Nichols, E., Uriarte, M., Peres, C. A., Louzada, J., Braga, R. F., Schiffler, G., 
Endo, W., & Spector, S. H. (2013). Human- induced trophic cascades 
along the fecal detritus pathway. PLoS One, 8(10), e75819. http://
dx.doi.org/10.1371/journ al.pone.0075819

Nunes, C. A., Beiroz, W., da Silva, P. G., Braga, R. F., Fernandes, G. W., & 
Neves, F. S. (2019). Fire? They don’t give a dung! The resilience of 
dung beetles to fire in a tropical savanna. Ecological Entomology, 44, 
315– 323. https://doi.org/10.1111/een.12705

Nunes, C. A., Braga, R. F., Figueira, J. E. C., Neves, F. S., & Fernandes, G. 
W. (2016). Dung beetles along a tropical altitudinal gradient: envi-
ronmental filtering on taxonomic and functional diversity. PLoS One, 
11(6), e0157442. http://dx.doi.org/10.1371/journ al.pone.0157442

Parrotta, J., Wildburger, C., & Mansourian, S. (2012). Understanding re-
lationships between biodiversity, carbon, forests and people: the 
key to achieving REDD+ objectives. A global assessment report 
prepared by the Global Forest Expert Panel on Biodiversity, Forest 
Management, and REDD+. IUFRO World Series, 31, 1- 161.

Parry, L., Barlow, J., & Peres, C. A. (2007). Large- vertebrate assemblages 
of primary and secondary forests in the Brazilian Amazon. Journal 
of Tropical Ecology, 23, 653– 662. https://doi.org/10.1017/S0266 
46740 7004506

Pasari, J. R., Levi, T., Zavaleta, E. S., & Tilman, D. (2013). Several scales 
of biodiversity affect ecosystem multifunctionality. Proceedings of 
the National Academy of Sciences, 110, 10219– 10222. https://doi.
org/10.1073/pnas.12203 33110

Pereira, H. M., & Cooper, H. D. (2006). Towards the global monitoring 
of biodiversity change. Trends in Ecology & Evolution, 21, 123– 129. 
https://doi.org/10.1016/j.tree.2005.10.015

QGIS Development Team (2017). QGIS Geographic Information System. 
Open Source Geospatial Foundation Project. http://qgis.org

R Core Team (2017). R: A language and environment for statistical comput-
ing. R Core Team. Retrieved from https://www.r- proje ct.org/

Raine, E. H., Mikich, S. B., Lewis, O. T., Riordan, P., Vaz- de- Mello, F. Z., 
& Slade, E. M. (2018). Extinctions of interactions: quantifying a 
dung beetle- mammal network. Ecosphere, 9, e02491. https://doi.
org/10.1002/ecs2.2491

Slik, J. W. F. et al. (2015). An estimate of the number of tropical tree 
species. Proceedings of the National Academy of Sciences, 112(24), 
7472– 7477. http://dx.doi.org/10.1073/pnas.14231 47112

Solar, R. R. D. C., Barlow, J., Andersen, A. N., Schoereder, J. H., Berenguer, 
E., Ferreira, J. N., & Gardner, T. A. (2016). Biodiversity consequences 
of land- use change and forest disturbance in the Amazon: A multi- 
scale assessment using ant communities. Biological Conservation, 
197, 98– 107. https://doi.org/10.1016/j.biocon.2016.03.005

Solar, R. R. D. C., Barlow, J., Ferreira, J., Berenguer, E., Lees, A. C., 
Thomson, J. R., Louzada, J., Maués, M., Moura, N. G., Oliveira, V. 
H. F., Chaul, J. C. M., Schoereder, J. H., Vieira, I. C. G., Mac Nally, R., 
& Gardner, T. A. (2015). How pervasive is biotic homogenization in 
human- modified tropical forest landscapes? Ecology Letters, 18(10), 
1108– 1118. https://doi.org/10.1111/ele.12494

Sykes L., Santini L., Etard A., Newbold T. (2020). Effects of rarity form 
on species’ responses to land use. Conservation Biology, 34(3), 688– 
696. http://dx.doi.org/10.1111/cobi.13419

Wang, S., & Loreau, M. (2014). Ecosystem stability in space: α, β and 
γ variability. Ecological Letters 17(8), 891– 901. http://dx.doi.
org/10.1111/ele.12292

Yachi, S., & Loreau, M. (1999). Biodiversity and ecosystem productivity in 
a fluctuating environment: The insurance hypothesis. Proceedings 
of the National Academy of Sciences, 96, 1463– 1468. https://doi.
org/10.1073/pnas.96.4.1463

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Nunes, C. A., Barlow, J., França, F., 
Berenguer, E., Solar, R. R. C., Louzada, J., Leitão, R., Maia, L., 
Oliveira, V. H. F., Braga, R. F., Vaz- de- Mello, F. Z., & Sayer, E. J. 
(2021). Functional redundancy of Amazonian dung beetles 
confers community- level resistance to primary forest 
disturbance. Biotropica, 53, 1510– 1521. https://doi.
org/10.1111/btp.12998

https://doi.org/10.1016/j.tree.2015.01.011
https://doi.org/10.1016/j.tree.2015.01.011
http://dx.doi.org/10.1371/journal.pbio.1001569
https://doi.org/10.1016/j.tree.2012.10.004
https://doi.org/10.1016/j.tree.2012.10.004
https://doi.org/10.1111/1365-2435.13500
https://doi.org/10.1016/j.biocon.2008.04.011
http://dx.doi.org/10.1371/journal.pone.0075819
http://dx.doi.org/10.1371/journal.pone.0075819
https://doi.org/10.1111/een.12705
http://dx.doi.org/10.1371/journal.pone.0157442
https://doi.org/10.1017/S0266467407004506
https://doi.org/10.1017/S0266467407004506
https://doi.org/10.1073/pnas.1220333110
https://doi.org/10.1073/pnas.1220333110
https://doi.org/10.1016/j.tree.2005.10.015
http://qgis.org
https://www.r-project.org/
https://doi.org/10.1002/ecs2.2491
https://doi.org/10.1002/ecs2.2491
http://dx.doi.org/10.1073/pnas.1423147112
https://doi.org/10.1016/j.biocon.2016.03.005
https://doi.org/10.1111/ele.12494
http://dx.doi.org/10.1111/cobi.13419
http://dx.doi.org/10.1111/ele.12292
http://dx.doi.org/10.1111/ele.12292
https://doi.org/10.1073/pnas.96.4.1463
https://doi.org/10.1073/pnas.96.4.1463
https://doi.org/10.1111/btp.12998
https://doi.org/10.1111/btp.12998

