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Abstract

The creation of mega-hydropower dams inundates vast lowland areas, causing widespread
environmental impacts in tropical forest regions. Few studies, however, have taken
advantage of these newly fragmented landscapes to examine the effects of habitat insu-
larization on arthropod faunas. Here, we assess how dung beetle assemblages respond to
30 years of post-isolation history in forest islands within a major hydroelectric reservoir in
Central Amazonia. We sampled 30 of the 3546 islands created by this reservoir, and three
neighbouring forest sites. We collected a total of 865 individuals representing 34 dung
beetle species and 15 genera. Remarkably, one third of all islands had been entirely
defaunated of dung beetles in terms of overall occupancy. Isolation was the single best
predictor of dung beetle species richness, followed by the interaction between isolation and
island area, and these variables were key determinants of the relict species composition.
Isolation was the most important predictor of dung beetle abundance, but area alone was
the main predictor of abundance when the dominant species was excluded. We predicted
species richness across all 3546 islands, indicating that 61.5% of all islands likely retain
only a single ‘super-tramp’ species (Onthophagus osculatii). These community disas-
sembly patterns were likely aggravated by the marked hostility of the open-water matrix
combined with the poor flight dispersal capacity of dung beetles over wide gaps between
insular forests. As such, the overwhelming number of small, isolated islands created by
major dams has profound effects on regional forest biodiversity, including wholesale local
extinctions in detritivore assemblages and their ecosystem functions.
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Introduction

Habitat loss and degradation due to land-use change is the primary cause of biodiversity
decline throughout terrestrial ecosystems worldwide (Pereira et al. 2010). Forest loss
almost invariably leads to habitat fragmentation, which results in the overall reduction in
habitat area, increased isolation and greater amounts of remaining habitat area under new
biotic and abiotic edge-dominated conditions (Fahrig 2003). The effects of habitat frag-
mentation are species-specific, but in tropical forest regions typically have a detrimental
impact on overall species richness, abundance, species composition and subsequent eco-
logical processes within forest remnants (Haddad et al. 2015; Pfeifer et al. 2017). Frag-
mentation studies usually focus on anthropogenic landscapes formed by expanding
croplands and cattle pastures (Laurance et al. 2014). However, the implementation of
major hydropower dams flooding vast upstream areas has become a key emergent driver of
tropical forest biodiversity loss (Finer and Jenkins 2012; Lees et al. 2016).

Upland inundation caused by river dams results in several social, economic, environ-
mental, and hydrological impacts (Zarfl et al. 2015; Fearnside 2016), but the exact
mechanisms of biodiversity loss are still poorly understood. Hydropower dams modify
animal and plant communities, isolate remaining habitat patches and profoundly affect the
newly created habitat matrix. This has been shown for birds (Bueno and Peres 2019),
plants (Rocha-Santos et al. 2017), primates (Benchimol and Venticinque 2014), large
vertebrates (Cosson et al. 1999; Benchimol and Peres 2015a, b), fishes (Agostinho et al.
2011), bats (Meyer and Kalko 2008), harvestmen (Tourinho et al. 2019) and bees (Storck-
Tonon and Peres 2017). Hydroelectric reservoirs can transform large tracts of primary
forests into vast lakes with many forest islands on higher elevation forming an archipelago
of forest patches. This pattern of fragmentation leads to more hostile isolation due to the
dominant inhospitable open-water matrix, which is far more difficult for forest organisms
to permeate compared to terrestrial habitat matrices elsewhere (Mendenhall et al. 2014).
However, hydropower reservoirs provide an excellent opportunity for quasi-experimental
fragmentation ecology studies on the drivers of local extinctions that are otherwise difficult
to quantify (Diamond 2001; Terborgh et al. 2001).

Dung beetles of the subfamily Scarabaeinae (Coleoptera: Scarabaidae) have a near-
global distribution but their highest diversity is found in tropical forests (Scholtz et al.
2009; Frank et al. 2018). They make up an extremely important functional group in
performing several ecological roles, such as nutrient cycling, bioturbation, plant growth
enhancement and secondary seed dispersal (Nichols et al. 2008). Furthermore, due to their
high sensitivity to habitat transformation, straightforward sampling, well-documented
alpha-taxonomy, broad distribution and congruent landscape responses with other co-
occurring taxa, dung beetles are an ideal group to study the impacts of landscape alteration
and ecosystem functions (Spector 2006). Due to their almost strict dependence on mam-
malian fecal resources for nesting, dung beetles are more susceptible to the effects of forest
loss through trophic cascades induced by losses in mammal diversity (Nichols et al. 2009).
Therefore, they are considered an excellent bioindicator of habitat transformation and have
become an important group for conservation ecology studies (Spector 2006; Nichols and
Gardner 2011).

Researches on the effects of habitat loss and landscape fragmentation have used dung
beetles as a model system for decades (Nichols et al. 2007; Filgueiras et al. 2016; Silva
et al. 2016). Among the main predictors of alpha and beta diversity in fragmented land-
scapes are habitat patch size (Filgueiras et al. 2011, 2015; Larsen et al. 2008), the structure
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and quality of the remaining habitat (Halffter and Arellano 2002; Silva et al. 2016; Costa
et al. 2017, Bitencourt et al. 2019), and the combination of patch size, landscape forest
cover, and matrix composition (Sanchez-de-Jesus et al. 2016; Pinto Leite et al. 2018; da
Silva et al. 2019).

Despite a large body of literature on dung beetle responses to habitat degradation and/or
fragmentation, few studies have focused on dung-beetle responses to forest fragmentation
in landscapes dominated by an uniform aquatic matrix (but see Feer and Hingrat 2005;
Larsen et al. 2008; Qie et al. 2011; Nunes et al. 2014). Here, we assess how local dung
beetle assemblages responded to ~ 30-years of forest patch isolation in a vast man-made
reservoir formed by the Balbina Hydroeletric Dam in Central Brazilian Amazonia. We
sampled 30 of the 3546 islands contained by this 312,900-ha reservoir, and three undis-
turbed neighbouring forests in the adjacent mainland areas. Specifically, we examine the
following related questions: (i) how do spatial attributes at both the patch and landscape
scale (amount of surrounding forest, degree of isolation and forest structure) affect dung
beetle species richness and abundance? (ii) Is there an island size and isolation threshold
governing the extinction dynamics of dung beetles? and (iii) How does dung beetle
community structure on forest islands diverge from those in mainland continuous forests?
Finally, we show the scale of defaunation and attendant projected losses of key ecosystem
services, which may be induced by large-scale habitat loss and fragmentation associated
with hydroelectric dams in tropical forest regions.

Methods
Study area

The Balbina Hydroeletric Reservoir (BHR) is located ~ 80 km northeast of Manaus
within the Uatumi river basin, a tributary of the Amazon (1°48'S; 59°29'W; Fig. 1,
Table S1). The BHR Dam was closed in October 1987 (Fearnside 1989) and inundated
312,900 ha of primary forests, forming 3,546 land-bridge islands with sizes ranging
from < 1 to 4878 ha (Benchimol and Peres 2015b). The 940,000-ha Uatuma Biological
Reserve, the largest of its kind in Brazil, was then created in 1990 to protect most islands
and the right bank of the Uatuma river. The dominant vegetation is sub-montane closed-
canopy dense forests. The average annual rainfall and temperature is ~ 2776 mm
[range = 2113-2716 mm] and 28 °C [range = 21-35 °C], respectively (Benchimol and
Peres 2015b).

We sampled a subset of 30 islands and three mainland continuous forest sites adjacent
to the reservoir that were spaced apart by at least 1 km. Islands were selected to span the
widest possible range of size and degree of isolation (Benchimol and Peres 2015a). The
area of mainland sites sampled was arbitrarily defined as one order of magnitude larger
than our largest study island. Forest islands sampled in this study ranged from 0.83 to
1466 ha, and straight-line isolation distances to the nearest mainland forest ranged from
44 m to 17,400 m.

Dung beetle sampling

Dung beetles were sampled within the wider BHR landscape between July and August
2016. We used a standardized pitfall trap protocol (1 L plastic container, 15-cm diameter
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Fig. 1 Study landscape showing the spatial distribution of the trapping sites (solid circles) throughout the
Balbina Hydroelectric Reservoir (BHR) landscape of Central Brazilian Amazonia. Three mainland sites
(blue triangles) and 30 [of the 3546] islands (red circles) across the reservoir archipelago were sampled.
Surveyed islands, unsurveyed islands, and surrounding areas of undisturbed continuous forest are shown in
dark grey, light grey and dark green, respectively

and 8-cm depth) baited with 20 g of a homogeneous mixture of 70% pig and 30% human
dung (Marsh et al. 2013). Traps were operated in the field for 48 h. We installed 10 pitfall
traps on each of the 30 island and three mainland areas, amounting to 330 traps. To
minimize interference between traps, pitfall traps were spaced apart by at least 100 m (da
Silva and Hernandez 2015). However, on small islands that did not permit between-trap
spacing of > 100 m, we reduced the distance between traps in proportion to island size,
aiming to retain the same overall sampling effort on every island. All collected specimens
were preserved in 97% alcohol, and then sorted from other arthropods, dried and identified
to at least the genus level. Species level identifications were subsequently implemented on
the basis of vouchers deposited at the Scarabaeinae Collection at the Universidade Federal
de Mato Grosso (UFMT), Cuiaba, Brazil (CEMT), the largest dung beetle collection in
South America. Voucher specimens were also deposited at the Entomological Collection of
Universidade do Estado de Mato Grosso (UNEMAT) in Tangara da Serra, with replicate
specimens deposited at the CEMT collection.

Landscape and patch variables

We obtained local habitat variables to describe vegetation structure and habitat quality
based on floristic surveys within 87 plots (0.25 ha) plots established at each sampled island
and mainland site (Table S2; Benchimol and Peres 2015a). We also measured a set of
environmental variables at both the habitat patch and landscape scales using an optimized
6980-km?” RapidEye® seamless mosaic (5-m pixel resolution) of georeferenced satellite
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imagery overlapping the entire BHRL study area, including 28 juxtaposed tiles obtained
from March 2011 to September 2012. Using a semi-supervised classification, we classified
four land cover classes: closed-canopy forest, open-canopy forest, bare ground and open
water.

At the patch scale, we quantified total island area; island forest area; the proportional
area (%) of closed-canopy forest; and island shape. Within floristic plots at each island and
mainland site, we also quantified the degree of forest fire disturbance detected by char
marks on standing dead and live trees (> 30 cm DBH), the abundance, basal area, species
richness, density and Simpson diversity index of live tree species, and the percentage of
old-growth trees that had been retained from the pre-flooding primary forest.

In terms of landscape metrics, we quantified the shortest straight-line distance between
each island and the nearest mainland site. Within external buffer areas with a radius of
500-m, 1000-m and 2000-m, we calculated a proximity index that considers both area and
isolation of each land mass within these buffers. We then quantified the percentage of
closed-canopy forest, the number of neighbouring forest patches larger than 10 ha and the
percentage of closed-canopy forest within these buffers. However, each of these landscape
metrics were highly correlated (r > 0.9) across the three buffer sizes, so we used a 500-m
buffer area, which provided the best overall explanatory power across all models. For
further details on our landscape metrics, see Benchimol and Peres (2015a).

Data analysis
Species richness and abundance

We initially ordered all species sampled on islands and continuous forest sites by
decreasing abundance. These results are displayed in bar plots only. Multicollinearity
among variables was tested using variation inflation factors (VIF) (Dormman et al. 2013)
using the ‘HH’ package (Heiberger, 2016), removing the least moderately redundant or
collinear variables (VIF > 6). Using Generalized Linear Models (GLMs), we then
attempted to explain patterns of dung beetle species richness, abundance and species
composition using on the basis of the following covariates: forest patch area (log;o + 1)
(Area), isolation distance from the nearest mainland site (Isol), the interaction between
these two variables (Area x Isol), the proportion of forest cover within a 500-m buffer
outside the perimeter of each site (F. Cover), the incidence and severity of fires measured
as four categorical classes from O to 3 (Fire), the proximity among islands within the
500-m buffer (Prox), and the percentage of old-growth trees (OGT) retained within each
0.25-ha plot. For GLMs used to examine overall species richness and abundance we used
either a Poisson or a Quasi-Poisson error structure when over-dispersion had been detected.
All candidate model sets were further assessed using all combinations of the six main
explanatory variables retained, plus the Area x Isol interaction. Models were subsequently
ranked according to their Akaike Information Criterion for small sample sizes (AICc),
using the MuMIn R package (Barton 2018).

We selected the most parsimonious “best” models (AAICc < 2.0) based on a multi-
model approach and the AICc (or QAICc for Quasi-Poisson) (Burnham et al. 2011). We
defined variables as significant within candidate models if their estimated 95% confidence
intervals that did not include zero (Kiffner et al. 2013). To further demonstrate the con-
tribution of each variable to overall model variance, we adopted the hierarchical partition
method (Murray and Conner 2009). During the analysis we noted that our abundance GLM
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results had been affected by the occurrence of Onthophagus osculatii, a hyper-abundant
species (51.9% of the overall abundance). For this reason, we also performed GLM
analyses using the abundance of O. osculatii as an additional response variable. In addition,
we performed all GLMs both including and excluding the incidence and abundance data
for O. osculatii. Due to the significant importance of fires in the GLMs, we also examined
the interaction between Fire and Area, as well as Fire and measures of isolation using
GLMs. We note that Fire showed a significant interaction only with island isolation (Isol).
Finally, when the interaction between any two variables was significant (95% CIs did not
include zero), we performed subsequent ‘clean-models’ with only the significant variables.
This occurred only for models based on species richness and the Area x Isol interaction,
and the abundance of O. osculatii with the Isol x Fire interaction. These results were
displayed by inserting the GLM coefficients onto the plots. To better visualize these
results, we log-transformed (log;o x + 1) the abundance of O. osculatii.

Finally, we used the predict.glm function of the stats R package on the basis of the
species richness as a function of the interaction between patch area and isolation
(Area x Isol) for all 30 surveyed islands and tree mainland sites to predict the unknown
species richness for all 3546 islands across the wider Balbina reservoir. This scaling-up
exercise therefore enabled us to predict the current status of dung beetle defaunation across
all islands within the Balbina Hydroelectric Reservoir, and examine how this may be
related to other patch and landscape variables.

Species composition

The multivariate pattern of dung beetle species composition across all islands and con-
tinuous forest sites was explored using Principal Coordinates Analysis (PCoA). We used
log;p (x + 1) standardized abundance data and the Bray—Curtis dissimilarity index in all
analyses of species composition. Despite the renowned efficiency of our pitfall trapping
technique, we failed to record any dung beetles at 10 small islands, so to demonstrate this
defaunation effect, we created a “dummy species” to force completely defaunated islands
to show a single common ‘species’, with the same abundance, with the aim of representing
them as identical in terms of species composition and show the same difference in relation
to areas any other surveyed site (Clarke et al. 2006). All analyses were performed using the
vegan R package (Oksanen et al. 2018). We further examined the effects of environmental
variables on species composition by assuming the first axis of PCoA as an independent
variable. This first axis explained 49% of the overall variation in the data. We followed the
same analytical approach using a global GLM model including all environmental
covariates. We then simplified those models (AAICc < 2) using the hierarchical partition
approach.

We checked for spatial autocorrelation using the Mantel test in the vegan package
(Oksanen et al. 2018). These tests were performed using the log,o (x 4+ 1) abundance data
based on the Bray—Curtis distance, and using incidence (presence/absence) data, based on
the Jaccard distance. Mantel tests failed to detect any meaningful spatial autocorrelation
whether we considered the abundance (r = 0.04, P > 0.05) or presence/absence data
(r =0.03, P > 0.05).

We further examined whether the species composition on small islands containing dung
beetles were a subset of that in large islands, and whether species on all islands were a
subset of those in the mainland sites. To do so, we used nestedness indices based on NODF
values (nestedness based on overlap and decreasing fills, ranging from 0.0 to 1.0) to
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measure the level of overall nestedness in the dung beetle assemblages (Almeida-Neto
et al. 2008; Almeida-Neto and Ulrich 2011). NODF values were then tested using a
computer simulation with 1000 randomizations. All analyses were performed using the
vegan package (Oksanen et al. 2018) in R v.3.5.1 (R Development Core Team 2018).

Results
Insular dung-beetle faunas

On the basis of the 330 pitfall traps operated throughout the Balbina Hydroelectric
Reservoir landscape, we collected a total of 865 dung beetles representing 15 genera and
34 species. Considering all 30 islands surveyed, we collected a total of 678 individuals
belonging to 28 species and 14 genera, including 11 species that were restricted to forest
islands: Canthidium deyrollei, C. sp.1, C. sp.2, Canthon aff. juvencus, Cryptocanthon
peckorum, Dichotomius mamillatus, D. robustus, D. subaenus, Ontherus carinifrons,
Onthophagus sp.1 and Oxysternon festivum viridanum. We failed to record any dung
beetles in one third of the surveyed islands, all of which were smaller than 100 ha, and only
five of all islands contained more than five dung beetle species. Considering the three
mainland sites, we collected 187 individuals belonging to 23 species and 12 genera,
including five species that were not recorded in any of the islands: Deltochilum sp.2,
Eurysternus ventricosus, Phanaeus cambeforti, Scybalocanthon cyanocephalus and Si-
napisoma sp. A total of 18 species were recorded both on islands and mainland sites (see
Fig. 2). Onthophagus osculatii was by far the most abundant species, accounting for over
half (51.9%) of all individuals sampled across all island and mainland sites (Fig. 2).

Species richness was negatively affected by both forest patch isolation and size, and we
detected a positive interaction between island isolation and size (Fig. 3a, Table S3). This
interaction indicates that the negative effects of distance from any mainland continuous
forest on species richness are reduced within increasingly larger islands. Conversely, small
and highly isolated islands contained fewer dung beetle species than similar-sized islands
that were less isolated (Fig. 3b), and this relationship becomes apparent on increasingly
larger islands.

Isolation distance (Isol) also had the strongest negative effect on the overall numerical
abundance of dung beetles, explaining 33.6% of the variation. In contrast, three other
variables—fire severity, percentage of old-growth trees, and the amount of surrounding
forest cover—had a positive effect on abundance (Fig. 4a, Table S3). However, only forest
island size showed a marked effect on overall abundance (accounting for 83.6% of the
explanatory power) when the most hyper-abundant species (Onthophagus osculatii) was
excluded from GLMs (Fig. 4b). Considering the abundance of O. osculatii alone, fire
severity had a positive effect (explaining 48% of the variance), followed by a negative
effect of isolation and a positive effect of old-growth tree abundance and the interaction
between isolation and fire severity (Fig. 4c). The most severely burnt forest islands con-
tained the highest abundance of this hyper-dominant species. However, the importance of
fires on O. osculatii abundance decreased with increasing isolation.

Three variables had the strongest effects on dung beetle species composition: isolation,
percentage of surrounding forest cover and the island size X isolation interaction (Fig. 5a).
The clear difference between entirely defaunated islands and other sites was captured along
the first PCoA axis. The variation in species composition between mainland sites and
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Fig. 2 Abundance (log;o x + 1) of all 34 dung beetle species collected within 30 surveyed islands and three
mainland continuous forest sites within the Balbina Hydroelectric Reservoir landscape. Species are listed
top to bottom from the most to the least abundant across all sites

islands retaining at least some dung beetles was captured along the second PCoA axis.
These two axes captured 50% of the overall variation in species composition (Fig. 5b).

The 72.1-ha Reldgio island was the largest island on which we failed to record any dung
beetles, whereas all other defaunated islands were smaller than 14 ha. However, Relogio
was a highly isolated island, at least 8089 m from any mainland continuous forest. With
the exception of Jiquitaia, all entirely defaunated islands showed high levels of isolation,
and were at least 2900 m from the mainland (Fig. 5¢). In terms of species composition,
dung beetle assemblages had low levels of nestedness across sites (matrix size: 1054,
fill = 0.11; NODF,,,, = 28.93, P < 0.05, Fig. 5c).

How defaunated are forest islands?

Our study indicates that this archipelagic forest landscape has become severely impover-
ished of its dung beetle fauna over the ~ 30 year history of post-flooding habitat frag-
mentation, which was almost certainly induced by pervasive and widespread local
extinctions within islands. We predicted the local dung beetle species richness for all >
3500 islands that we did not survey on the basis of the model interaction between island
size and isolation. This indicates that 61.5% of all islands across the Balbina Reservoir are
either completely defaunated or could only retain a single small-bodied dung beetle species
(Onthophagus osculatii). We predicted that 69.8% of all islands could support four dung
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Fig. 3 Model averaging with candidate models within AICc < 2, for species richness of dung beetles (a).
Mean £ 95% confidence intervals of regression coefficients obtained from GLMs are presented on the left
side and the independent effects contribution are presented on the right side. Relationship between the
interaction of area and isolation and dung beetle species richness (b). Solid line = null isolation; dotted
line = low-isolation islands, and dashed lines = highly isolated islands. Red circles = fully defaunated
islands; dark green = mainland forest sites; grey and dotted line = largest island size. Area = Island Area
(ha, log;p x + 1), Isol = distance to the nearest mainland continuous forest site; Prox = Proximity index,
F.Cover = Percentage of forest cover within a 500-m buffer

beetle species or fewer, and only two of all 3546 islands in the entire reservoir could retain
at least 50% of all species detected in this study (Fig. 6a). However, even small to med-
ium-sized islands could support a meaningful fraction of the overall species richness,
provided that they were relatively near mainland areas of continuous forest (Fig. 6b).
Finally, assuming that in their original pre-flooding condition all forest island sites sampled
contained the full set of dung beetle species found throughout the Balbina landscape, we
estimated that an approximate total of 109,223 local extinctions occurred across all 3546
islands, representing an overall level of extirpation of 90.6% of all 120,564 insular dung
beetle populations across the Balbina Reservoir.

Discussion

This study reveals a marked erosion of the overall abundance and species diversity of
tropical forest dung beetles induced by a large hydroelectric dam following a ~ 30-year
post-isolation period. We highlight that the best predictor of dung beetle diversity was an
interaction between island size and degree of isolation, which is consistent with the general
principles of island biogeography theory (MacArthur and Wilson 1967). Our metacom-
munity model shows that island size in itself was insufficient to best explain the number of
dung beetle species they retained, with island isolation making a even greater contribution
to patterns of species diversity than models based on island area alone (Leibold et al.
2004). Habitat patch area and isolation have been identified as the most important deter-
minants of dung beetle communities on fragmented forest landscapes across the globe
(Nichols et al. 2007). However, other habitat patch and landscape variables are also
considered to be important, including matrix quality, landscape-scale forest cover (San-
chez-de-Jesus et al. 2016), successional stages (Bitencourt et al. 2019), anthropogenic fires
(Andrade et al. 2011, 2014; Smith et al. 2018), selective logging (Franca et al. 2016), and
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trophic-cascades involving depletion of mammalian fecal resources (Culot et al. 2013;
Nichols et al. 2013a, b; Bogoni et al. 2019).

At the Balbina landscape, both the overall abundance and species richness of dung
beetles were lower than those reported by neotropical studies elsewhere assessing the
effects tropical of forest fragmentation on dung beetle assemblages (Scheffler 2005;
Horgan 2007; Nichols et al. 2007; Quintero and Halffter 2009; Filgueiras et al. 2015, 2016;
Silva et al. 2016). However, the vast majority of habitat fragmentation studies on dung
beetles have focused on landscapes where forest remnants are embedded within a terres-
trial habitat matrix exhibiting varying degrees of permeability. These studies found that
dung beetles defined as forest specialists rarely traverse through an open-habitat matrix
(Silva et al. 2016; Pinto Leite et al. 2018), and matrices dominated by closed-canopy
habitat are more permeable to dung beetles moving between remnants (Sanchez-de-Jesis
et al. 2016). For example, da Silva et al (2019) found no significant effects of either habitat
patch or landscape metrics on dung beetle community structure, but they found strong
effects on forest specialists and concluded that matrix-tolerant species can mask the effects
on forest-specialists species. However, the high-elevation forest remnants they studied
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Fig. 5 a Model averaging of candidate models within AICc < 2, explaining the variation in dung beetle
species composition, summarized as the first PCoA axis. Averaged coefficients are presented on the left side
and the independent effects contributions are presented on the right side. Area = Island area (ha, log;,
x 4 1), Isol = distance to the nearest mainland area, OGT = Percentage of Old Growth Trees within each
area; Fire = fire incidence index. b Principal Coordinate Analysis ordination based on the Bray—Curtis
similarity matrix of dung beetle species composition on islands (light green circles), mainland sites (dark
green circles) and defaunated islands (red circles) sampled at the BHR landscape. Size of circles represents
the island size. ¢ Nested matrices of all dung beetle species on islands and mainland sites

were surrounded by grasslands that were more permeable compared to an equally hostile
non-habitat matrix consisting of open water as in this study. In our study, 11 species were
only detected on islands. We believe that these species are present in the mainland con-
tinuous forest but failed to be detected due to lower trap density. Therefore, had the number
of pitfall traps been proportional to the area of each study site, species richness in mainland
areas would have been greater and the effects of island size and isolation on the beetle
assemblages would be even stronger, thereby rendering our results conservative.
Man-made forest archipelagos created by hydroelectric dams provide a rare opportunity
to address the ecological effects of forest fragmentation, while controlling for both the
degree of matrix permeability and history of isolation (Diamond 2001). As such, the
structurally uniform aquatic matrix at Balbina has clear advantages compared to other
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fragmentation studies in terrestrial landscapes in which high levels of matrix heterogeneity
can substantially mitigate isolation effects (Prugh et al. 2008). Additionally, all Balbina
islands were isolated simultaneously imposing comparable lag times as forest organisms
readjust to a new landscape configuration at all remnant sites.

We documented a strong effect of isolation from the freshwater matrix on insular dung
beetle assemblages. We found that either isolation alone or the interaction between iso-
lation and island size were the best predictors of dung beetle species richness. This indi-
cates that the most isolated islands were unlikely to be recolonized in the event of any local
extinctions, regardless of their size. This is reflected in the high level of By, -diversity
(79%), and further associated with the inherently low capacity of dung beetles to move
across large aquatic matrix gaps, translating low levels of structural connectivity into high
levels of functional isolation in dung beetle assemblages (da Silva and Hernandez 2015).
These disjunct assemblages form the first step towards inbreeding depression, which can
aggravate local to regional-scale extinctions in small isolated populations within a larger
non-equilibrium metapopulation (Harrison and Hastings 1996). Where gene flow is severed
across habitat fragments, populations tend to gradually become more extinction-prone, and
in this case no longer compensated for by even rare recolonization events. This process can
eventually lead to severe landscape scale erosion of terrestrial biodiversity (Akcakaya et al.
2007).

Dung beetle defaunation at Balbina was related to several drivers related to island size,
isolation, or both. These include (i) abrupt changes in microclimatic conditions of novel
forest habitat on small islands, which render several forest-affiliated species much more
extinction-prone (Klein 1989); (ii) extinction of medium to large bodied terrestrial and
arboreal mammals (Benchimol and Peres 2015b; Palmeirim et al. 2018), which are the
principal sources of fecal resources, particularly for large dung beetles; and (iii) severe
reductions in population size associated with small islands and/or lack of recolonization
from the mainland and large islands on more isolated islands.

In addition, the marked importance of island isolation on both species richness and
overall abundance is almost certainly reflected in the low gap-crossing capacity of dung
beetles over open-water as they are inherently unable to fly long distances (da Silva and
Hernandez 2015). While some species may travel long distances (e.g. a mark-recapture
study showed that Oxysternon conspicillatum can move at least 1 km (Peck and Forsyth
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1982), larger-bodied species typically exhibit fast cruise flights, which hinder flight
maneuverability (Chittka et al. 2009). The erratic feature of the flight dynamics in large
dung beetles (Howden and Nealis 1975) can increase their mortality rate due to incidental
falls on water during any attempt to reach neighbouring islands. Small-bodied species, on
the other hand, typically fly short distances (e.g. Onthophagus and Canthon, da Silva and
Hernandez 2015) and exhibit different foraging strategies, such as perching on understorey
leaves while “waiting” for fecal resources to become available in the immediate vicinities
(Howden and Nealis 1975). The foraging strategies and reduced flight capacity of small-
bodied dung beetles likely renders them more prone to occupy even small islands. Con-
versely, large-bodied species are more susceptible to rapid extirpation following forest
isolation (Larsen et al. 2008), which is consistent with our results showing that the vast
majority of dung beetle species we sampled on islands were small-bodied.

Although we failed to find that island size alone affected dung beetle species richness
and abundance, we detected clear effects of the interaction between area and isolation.
Accordingly, 90% of all surveyed islands that were completely defaunated were small and
ranged in size from 0.83 to 13.41 ha, with the exception of only one medium-sized
(72.1 ha) and highly isolated island (8 km from the mainland). Our results are entirely
consistent with other studies reporting that small, isolated forest islands contain depau-
perate and low-abundance dung beetle assemblages (Larsen et al. 2008), which mirror
other studies on other groups of insects in Balbina (orchid bees: Storck-Tonon and Peres
2017). Compared to dung beetle studies in man-made archipelagic landscapes elsewhere,
we recorded a much stronger detrimental effect of island size. For example, none of the
studies to date on tropical land-bridge islands showed such markedly strong defaunated
effects (Feer and Hingrat 2005; Qie et al. 2011), in terms of the complete extirpation of
dung beetles on most islands. This could be attributed to the marked difference in historical
isolation and landscape configuration compared to this study. We believe that isolation
effects in true islands are stronger than in forest fragments surrounded by a non-water
matrix. Small forest remnants are associated with much stronger edge-related microcli-
matic effects (Murcia 1995), in which air and soil desiccation and increased solar radiation
can induce high levels of larval mortality (Halffter and Edmonds 1982; Nichols et al.
2013a, b). Since the dung beetle fauna on Balbina islands are relictual populations of a
previous ~ 30 year-old continuous matrix of undisturbed primary forest, we expected that
forest loss and the creation of a water-matrix should have a much greater impact than a
terrestrial matrix.

Our predictive model for the entire Balbina archipelago of more than 3,500 forest
islands suggests that only a few islands likely retained at least 50% of all dung beetle
species and most of them retained a single species, most likely the small-bodied On-
thophagus osculatii, which is a habitat generalist. Similar results were found in the same
set of Balbina islands for medium to large-bodied mammals, which were only able to retain
a few species (Benchimol and Peres 2015a). Ours findings therefore suggest trophic cas-
cade effects in which forest islands could not ensure the local persistence of two pivotal
vertebrate and invertebrate taxa that play an important forest ecosystem role in detritus
production, decomposition and cycling. We highlight that the likely failure of these
important ecosystem functions can affect many other organisms and ecosystem services
(Nichols et al. 2008).
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Onthophagus osculatii and forest degradation

Onthophagus osculatii Guérin-Méneville, 1855 is a small-bodied dung beetle (6—-8 mm in
length) that is widely distributed across the Amazon, including Bolivia, Peru, Ecuador,
Colombia, Brazil, Venezuela, Guyana, French Guiana and Surinam. O. osculatii is typical
of forest habitats, and widely attracted to pitfall traps baited with human excrement or
carrion (Rossini et al. 2018). This ‘supertramp’ species, occurred both on islands and the
mainland, attaining very high abundance on islands between 10 and 1000 ha in size. This
species exhibits high capacity to inhabit low forest-cover habitats and even open-water
environments (Larsen et al. 2008; Rossini et al. 2018). Hence, the highly abundance of O.
osculatti may be a function of source-sink dynamics between neighbouring habitats,
suggesting high dispersal capacity across water barriers.

Broadly distributed species usually exhibit higher environmental plasticity (Wiens
2011), which appears to be the case of O. osculatii given its broad range and generalist
feeding habits (Silva et al. 2014). Higher environmental plasticity in small-bodied dung
beetles likely facilitates persistence of these species even in degraded environments (Fil-
gueiras et al. 2015, 2016) such as the small Balbina islands that have been exposed to
wildfires. In addition, small dung beetle species can use fecal resources from small
mammals (e.g. rodents) for both food and nesting (Culot et al. 2013). Sites containing a
reduced number of large mammal species and individuals may favor higher abundance of
small mammals that are unaffected by hunting pressure (Peres and Palacios 2007). This
could boost the abundance and diversity of small-bodied dung beetles that can exploit fecal
resources from smaller vertebrates. On the other hand, large-bodied beetles, particularly
large paracoprids (e.g. Coprophanaeus), require either dung or carrion from medium to
large-bodied mammals for nesting (Edmonds and Zidek 2010). These large dung beetles
cannot easily exploit small food patches, including fecal resources or carcasses produced
by small mammals (such as rodents and marsupials) to meet their nesting requirements.

A recent study found that in fire-climax ecosystems, such as the Cerrado scrublands of
Central Brazil, dung beetle communities are virtually unaffected by episodic fires (Nunes
et al. 2019). However, Amazonian forests represent a fire sensitive ecosystem and both
plant and animal communities are severely affected by fire disturbance (Barlow and Peres
2004). Balbina islands exposed to elevated fire incidence retained a very low diversity of
medium-sized to large mammals, especially islands smaller than 10 ha (Benchimol and
Peres 2015a), thereby aggravating the resource scarcity for large-bodied detritivore insects.

However, some small mammal, such as non-forest-dependent species, can increase their
abundance in these areas due to reduced competition and lack of predators, thereby
becoming hyper-abundant. Higher densities of these species can lead to greater availability
of fecal resources and carcasses that can be used by O. osculatii. Thus, elevated abundance
of O. osculatii in fire-prone forest sites should be related to higher abundance of generalist
small mammals such as Hylaeamys megacephalus and Marmosa demerarae, which
increased their abundance in small islands (Palmeirim et al. 2018).

Additionally, we can infer that an increase in fire severity may directly or indirectly lead
to the extirpation of more susceptible dung beetles species. This would reduce resource
competition favouring a compensatory increase in the abundance of O. osculatti. Forest
wildfires, beyond reducing the diversity of dung beetles (Silveira et al. 2015), influence the
overall structure of species composition (Andrade et al. 2011, 2014). All Balbina islands
experienced a severe drought in 1997 and 1998, which induced patchy, accidental fires that
impacted a large number of islands (Benchimol and Peres 2015b). These surface fires
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almost certainly contributed to the dramatic defaunation process of dung beetles within
burnt Balbina islands.

Ecosystem implications of dung beetle extinctions

The local extinction of dung beetles on forest islands can result in the loss of several
ecosystem services that are directly associated with the food resource allocation strategy of
detritivorous beetles (Larsen et al. 2008). When dung beetles bury food resources and
create nest balls, they trigger a series of beneficial effects on the ecosystem (Louzada et al.
2008; Nichols et al. 2008). These environmental services include incorporation of organic
matter into the soil (nutrient cycling) (Yamada et al. 2007); aeration of the soil (biotur-
bation) (Braga et al. 2013); secondary seed dispersal (Andresen and Levey 2004); polli-
nation (Nichols et al. 2008); control of detritivore and hematophagous fly populations
(Braga et al. 2012), and control of gastrointestinal nematodes (Miller 1961). These
ecosystem functions are therefore presumably discontinued or severely reduced when some
critical number and diversity of dung beetles are extirpated. For example, the rate of seed
germination, leading to inhibited forest regeneration can be reduced following the decline
or extinction of dung beetles (Griffiths et al. 2016). In addition, communities showing
greater functional simplification, induced by the extinction of key species, tend to reduce
their environmental resilience capacity (Beiroz et al. 2018).

The extinction of large-bodied dung beetles on small islands can also lead to severe
degradation of environmental services. Large (> 1 cm) paracoprid and telecoprid dung
beetles are the main providers of key forest ecosystem services (Horgan 2007; Andresen
2002; Louzada et al. 2008) due to their much greater capacity in both fertilizing the topsoil
with buried dung and dispersing large-seeded plants (Braga et al. 2013). Large paracoprids
such as Coprophanaeus parvulus and Dichotomius mamillatus were only observed in
continuous forest areas and islands larger than 190 ha. Local extinctions of the large
paracoprids on virtually all small islands can diminish the functional role of dung beetles in
insular forest ecosystems.

Conclusions

This study clearly shows wholesale defaunation of dung beetle assemblages induced by
both forest patch isolation and size across one of the world’s largest hydroelectric reser-
voirs, as evidenced by the conspicuous absence of dung beetles in a large number of small
and medium sized islands. We showed that the vast majority of forest islands could not
ensure the persistence of the dung beetle fauna, even if they had been protected by Brazil’s
largest Biological Reserve. Island isolation in the Balbina archipelago was the best pre-
dictor of dung beetle species richness, followed by an interaction between island isolation
and size. These drivers were also important in determining the multivariate patterns of
species composition across all 33 sites sampled. Once we excluded the dominant species
(Onthophagus oscullatii), however, we found that island size alone was the most important
predictor of dung beetle abundance. We assume that these patterns are driven by the
markedly low permeability of the wider open-water intervening matrix given that dung
beetles are generally unable to perform long gap-crossing flights.

Additionally, the current spatial configuration of the Balbina archipelago led to the
dramatic disassembly and simplification of the dung beetle metacommunity, which was
further aggravated by trophic cascades induced by a pervasive process of large mammal
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extinctions (Benchimol and Peres 2015a, b). As such, the creation of a major dam in
lowland Amazonia has led to profound effects on forest biodiversity, including the dis-
ruption of pivotal insect communities and the ecosystem services they provide. We
highlight that the virtually complete defaunation of this important functional group of
insects likely affects the whole process of detritus cycling into the topsoil, rather than just
fecal decomposition. We therefore show that careful environmental planning is required
for both licensing and developing new hydroelectric dams in lowland tropical forest
regions, if the worst detrimental impacts on forest biodiversity are to be avoided.
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