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A B S T R A C T   

Understanding patterns of tropical forest resilience is a central challenge in conservation ecology particularly in 
seasonally-dry tropical forests, where anthropogenic disturbance and climate change are pervasive threats. Here, 
we investigate the recovery rate and community organization of dung beetles along a Caatinga dry forest 
regeneration cline in the context of slash-and-burn agriculture in northeast Brazil. Assemblages were described 
considering a wide set of attributes, including abundance, taxonomic (Hill orders D0, D1 and D2) and functional 
diversity (functional richness, evenness and redundancy) and taxonomic/functional composition, across a 
chronosequence consisting of regenerating and old-growth forest stands exposed to different levels of aridity and 
chronic disturbance. In addition, we use body mass, diet, food relocation behaviour and habitat specificity of 
dung beetles as ecological attributes. Our results show that Caatinga dry forests supports dense but relatively 
impoverished dung beetle assemblages at both local and landscape scales, with the same small set of species 
dominating local assemblages. Dung beetles do not experience successional replacements along the regeneration 
gradient, with evidence of high resilience. Moreover, disturbance-associated dung beetle species (predominantly 
small-bodied generalists) resulted in assemblage convergence across the regeneration cline. Finally, chronic 
anthropogenic disturbance was a decisive driver of changes in abundance and taxonomic diversity, while aridity 
positively affected species composition and functional richness. These patterns resulted in the occurrence of 
spatially structured assemblages in response to a combination of both natural and anthropogenic variables, while 
under little or no influence of forest regeneration status across human-modified Caatinga landscapes. We 
conclude that the absence of directional changes in dung beetle assemblages through the forest succession 
pathway of regenerating second-growth forest is associated with the effect of aridity and human disturbances on 
community organization, including selection for certain species and functional groups, which in turn, can alter 
important ecological functions and consequently the resilience of dry forests.   

1. Introduction 

Understanding ecosystem resilience is a central challenge for applied 
ecologists and conservation scientists across human-modified tropical 
landscapes where disturbances are disruptive and virtually omnipresent. 
In this context, secondary or regenerating forest stands are frequently 
hailed as a key opportunity to capitalize on the ecological services 
provided by tropical forests, including carbon sequestration, climate 
regulation, provision of forest products and biodiversity persistence 
(Chazdon, 2003). In fact, regenerating forests already represent over 
half of all tropical forest areas (FAO, 2010), whereas most of the last 

tracts of old-growth forests are expected to be converted into human- 
modified landscapes, which will add to existing secondary forest cover 
(Chazdon, 2014). 

However, the ecological role played by regenerating forests in 
human-modified tropical landscapes depends on forest resilience or re-
covery rate (i.e. the speed at which biotic attributes return to those 
found in old-growth forests) as forest patches are cyclically cleared 
(Balmford, 1996). Accordingly, a growing number of studies have 
addressed patterns of forest regeneration and their drivers to provide 
guidelines to enhance the potential of secondary forest in delivering 
services and supporting sustainability (Martin et al., 2013). Briefly, 
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forest regeneration following land abandonment should rapidly occur 
wherever soils are not degraded and sources of seeds and propagules are 
available due to the presence of neighbouring large forest remnants 
(Arroyo-Rodríguez et al., 2015; Chazdon et al., 2009). In addition to 
high forest resilience, regenerating forests in a favourable landscape 
context often sustain a higher species diversity, including old-growth 
species from multiple vertebrate, invertebrate and plant taxa (Arroyo- 
Rodríguez et al., 2015; Chazdon, 2014). On the other hand, in highly- 
degraded landscapes where soils are degraded, forest cover is sparse, 
and old-growth forest species have been replaced by disturbance- 
adapted species, regenerating forests can only support depauperate bi-
otic communities (Arroyo-Rodríguez et al., 2015). 

Although secondary succession has been comprehensively investi-
gated by plant ecologists, patterns of insect assemblage recovery 
through tropical forest regeneration chronosequences remain poorly 
understood (Quintero and Roslin, 2005; Bitencourt et al., 2019). This is 
the case of dung beetles (Coleoptera: Sacarabaeinae), which are 
involved in key functions such as nutrient cycling and secondary seed 
dispersal, and respond to anthropogenic disturbance in human-modified 
landscapes (Alvarado et al., 2017; Filgueiras et al., 2016). In this 
perspective, dung beetle species’ trait differences (e.g. body size and 
nesting strategy) can help explain dung beetle response to anthropo-
genic disturbances (Nichols et al., 2013; Choo et al., 2020). Accordingly, 
dung beetles regarding taxonomic and functional composition 
(including ecological traits) have been used to examine forest regener-
ation and resilience in human-modified tropical landscapes (Audino 
et al., 2014; Bitencourt et al., 2019). The absence of some dung beetle 
species (i.e. forest-specialized dung beetles) may impact ecosystem 
functions, such as nutrient cycling and secondary seed dispersal, detri-
mentally impacting forest regeneration (Bitencourt et al., 2019). Despite 
such promising findings, the recovery trajectory of dung beetle assem-
blages and their impacts on regeneration processes have rarely been 
assessed across a forest regeneration gradient mainly across dry tropical 
forests, where anthropogenic disturbance and climate change are 
pervasive threats. 

This is particularly the case of seasonally-dry tropical forests (STDFs) 
and their mosaics of secondary or regenerating forest due to a long 
history of slash-and-burn agriculture and forest conversion into pastures 
(Silva et al., 2017). STDF regeneration responds to natural drivers such 
as rainfall (Souza et al., 2019), but is affected by the overexploitation of 
forest products such as firewood, fodder and timber, which can be 
defined as chronic anthropogenic disturbances (Singh, 1998). This 
disturbance regime may negatively affect both (1) the structure of 
ecological communities across old growth forests, and (2) the rate of 
recovery/resilience of secondary forest patches (Arroyo-Rodríguez 
et al., 2015; Laurance and Peres, 2006; Pecl et al., 2017; Singh, 1998). 
Moreover, several SDTFs are expected to experience the effects of 
climate change, further aggravating levels of aridity (Magrin et al., 
2014). Collectively, all of these human disturbances render the regen-
eration of dry forests a complex process, including patterns of forest 
resilience. 

The 912,529-km2 Caatinga dry forest biome is the largest and one of 
the most diverse SDTFs globally (Silva et al., 2017). Since the 16th 
century arrival of Europeans, the Caatinga has been converted into 
mosaics of regenerating forests exposed to chronic disturbances to 
support rural livelihoods (Leal et al., 2005). Slash-and-burn agriculture 
has repeatedly transformed old-growth forest into shrub-dominated 
second-growth stands (Ribeiro et al., 2015). Patterns of biomass recov-
ery respond to rainfall, forest age and woody plant species richness 
(Souza et al., 2019). In some contexts, biomass recovery can be fast due 
to the high abundance of resprouting plants (Stoner and Sanchez- 
Azofeifa, 2009), but it can also occur slowly, likely due to a combina-
tion of seed dispersal limitation, lack of resprouts and reduced nutrient 
pools (Kammesheidt, 1999, Trindade et al., 2020). Insect assemblage 
recovery pathways, and how they affect the regeneration process, are 
yet to be investigated, but species interactions are likely to be intense in 

Caatinga dry forests because (1) insects are key players in terms of seed 
dispersal (particularly ants), pollination (diverse small insects), her-
bivory and nutrient cycling (Domingos-Melo et al., 2022; Leal et al., 
2014; Oliveira et al., 2019; Siqueira et al., 2018), and (2) several species 
groups are either sensitive to chronic disturbances and changes in 
rainfall or disturbance-adapted, such as ant communities (Arnan et al., 
2018a,b; Oliveira et al., 2017). 

Here, we investigate how dung beetle assemblages recover across a 
regeneration cline of Caatinga dry forest in the context of slash-and-burn 
agriculture. To do so, we examine a wide set of community level attri-
butes (from abundance to functional diversity) through a typical space- 
for-time chronosequence, including both regenerating and old-growth 
forest stands. Changes in community-level attributes are confronted 
with data on forest age, precipitation, aboveground vegetation biomass 
and the history of chronic anthropogenic disturbance to identify the key 
drivers. The patterns we uncover are discussed in light of community 
organization, forest resilience (i.e. the speed at which biotic attributes 
return to those found in old-growth forests, sensu Holling, 1973) and 
transitions in land use in semi-arid human-modified landscapes. We also 
test if degraded areas can be seen as resilient to changes towards species- 
rich post-recovery states under contrasting patterns of ecosystem 
functioning. 

2. Material and methods 

2.1. Study area 

This study was conducted within the 64,000-ha Catimbau National 
Park (CNP, Fig. 1), located in the State of Pernambuco, northeastern 
Brazil (8◦24′00′′ − 8◦36′35′′ S; 37◦09′30′′ − 37◦14′40′′ W). The domi-
nant climate in the region is the semi-arid (Bsh type) with a transition to 
rainy tropical (As’ type), according to the Köppen scale. Annual rainfall 
is markedly variable supra-annually and ranges between 480 mm and 
1100 mm from the northwest to the southeast portion of CNP, and mean 
annual temperatures oscillates around 23 ◦C (Rito et al., 2017). 
Quartzite sandy soils accounts for ~70% of CNP, but planosols and 
lithosols are also present (15% each) (Rito et al., 2017). The vegetation 
consists of a mosaic of arborescent and shrubby Caatinga (Rito et al., 
2017). Although established in 2002, CNP is still inhabited by over 300 
sertanejo families whose livelihoods rely heavily on forest resource 
extraction (Specht et al., 2019). 

2.2. Sampling design 

Field work was conducted at nine 0.1-ha plots of old-growth forest 
(where there were no signs of prior clear cutting) and at ten 0.1-ha plots 
of regenerating forests of varying ages since abandonment (4, 7, 12, 20, 
23, 35, 37, 40, 45 and 50 years), all of which were spaced apart by at 
least 1 km (Fig. 1). These second-growth plots, which had been previ-
ously used for subsistence slash-and-burn agriculture including maze, 
beans and cassava, had been regenerating without human assistance 
since abandonment (Souza et al., 2019). All plots were established in 
areas sharing the same soil type (sandy soils) and similar slope (flat 
terrain) to control for any potential edaphic and topographic effects on 
species responses. Soil conditions between regenerating and old-growth 
forest stands were similar, indicating that these had been exposed to a 
relatively similar land-use history, which can help to minimize problems 
associated with space-for-time substitution designs. 

Data on aboveground biomass were obtained for each plot from 
previous studies (Souza et al., 2019). This included all stems with a 
diameter at soil height (DSH) ≥ 3 cm and total height ≥ 1 m (Rodal et al., 
1992). Forest biomass in old-growth forest was higher than in regener-
ating forests (Fig. S1). 

We computed a chronic anthropogenic disturbance index (hereafter, 
CAD) for each plot combining several groups of descriptors of the three 
most important sources of chronic disturbance in the region: descriptors 
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that were (1) correlated with disturbance by livestock (Livestock Pres-
sure Index): domestic ungulate dung density (goat, sheep, horse and 
cattle) and the number of field-surveyed trails of goats and sheep; (2) 
related to firewood and timber extraction (Wood Extraction Index): the 
extraction of dead and live wood for fuel, fence construction, and arti-
sanal production as surveyed in the field; and (3) associated with 
extraction of non-timber forest products (NTFP) (medicinal plants, 
human food items, wild game and livestock fodder). For NTFPs, we use 
accessibility metrics such as the distance to any farm headquarters, 
distance to the two main highways in the region (BR-232 or PE-270), 
distance to secondary unpaved roads that provide access to farms, and 
distance to the nearest town, obtained from interviews with landholders 
and satellite images (see Table S1). The values of all disturbance 

descriptors were standardized between 0 and 1 to make them compa-
rable and then integrated into a single CAD multimetric index (for 
methodological details, see Arnan et al., 2018a,b). This index ranged 
from 3.6 (lowest intensity) to 58.1 (highest intensity) among all forest 
plots (Fig. 1). 

As CNP encompasses a very steep rainfall gradient, we also estimated 
the aridity level for each plot to investigate the potential effects of 
climate change in the Caatinga (i.e. decreasing rainfall and increasing 
temperature, Magrin et al., 2014). We used the mean annual climatic 
water deficit, defined as the difference between the potential evapo-
transpiration (PET) and actual evapotranspiration (AET; based on bio-
logically usable energy and water) (Lutz et al., 2010). Climatic water 
deficit was calculated using 30-arc-sec (1-km) resolution maps of long- 

Fig. 1. Map of the Caatinga dry forest in northeast Brazil (A), the Catimbau National Park (B), and the nineteen 0.1-ha plots (C) distributed along two environmental 
gradients: chronic anthropogenic disturbance (bars) and water deficit (colour-coded from least to most intensive in the middle panel). Plots within either regen-
erating or old-growth forest are indicated by white and black circles, respectively. Bars (lower panel) represent the global chronic disturbance index. 
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term mean annual PET and AET (CGIAR-CSI’s Global Aridity and PET 
Database and Global High-Resolution Soil-Water Balance Database; 
www.csi.cgiar.org/([2009]). These maps were generated using tem-
perature and precipitation data from the WorldClim global climate data 
repository (www.worldclim.org). For each plot, the difference between 
annual PET and AET was calculated to obtain a climatic water deficit 
value. All calculations were performed using the ArcGIS 10.1 software. 
Climatic water deficit ranged from 54.5 to 87.6 across all plots (Fig. 1), 
which represent areas of moderate to high susceptibility to desertifica-
tion (MMA, 2017). The CAD and water deficit indices were not signifi-
cantly correlated with one another (r = 0.35, p = 0.24), so that the 
disturbance and aridity gradients across plots were largely orthogonal. 

2.3. Dung beetle sampling 

We sampled dung beetles in March-April 2019 (the Caatinga wet 
season) using baited pitfall traps. Each sample unit per plot consisted of 
five pitfall traps (spaced 50 m apart) arranged in a Y-shaped manner. 
Traps consisted of plastic containers (15 cm in diameter; 13 cm in 
height) with a bait-holding recipient (3 cm in diameter; 4.8 cm in 
height) containing ~ 30 g of human feces. Dung beetles were collected 
72 h after traps were set and taken to the CNP research station, where all 
insects were sorted. Traps were checked every 48 h, and baits were 
replaced at each visit. All dung beetles trapped were taken to the Insect 
Taxonomy and Ecology Laboratory at the Universidade Federal de 
Pernambuco (UFPE) for sorting, preparation, identification, and storage. 
Voucher specimens of each species were deposited at both the Coleção 
Entomológica of UFPE and the Entomology Collection of the Uni-
versidade Federal do Mato Grosso (CEMT). 

Dung beetles were characterized in terms of four ecological attri-
butes: body mass (scale accurate to 0.0001 g), diet, food relocation 
behaviour and habitat specificity. A sample of between 1 and 10 in-
dividuals was used to obtain body mass estimates. Dung beetle body size 
is a strong predictor of species sensitivity to habitat modification 
(Gardner et al., 2008). Beetles were also assigned to three food prefer-
ence categories: (1) coprophagous - species that have a strong affinity for 
dung (main mammal feces); (2) necrophagous - species that prefer car-
rion, and (3) generalists that consume either dung and carrion (Halffter 
and Matthews, 1966). For this, we use previous classification for dung 
beetles in the Caatinga (Silva et al., 2007; Barreto et al., 2020). Due to 
this range of dietary preferences, differences in habitat structure may 
alter food availability in ways that impact dung beetle community 
structure (Silva and Hernández, 2015). Species classification related to 
food relocation behaviour included: (1) telecoprids or rollers - species 
that arrive at the dung and shape a ball which they roll for a certain 
distance and then bury, or very occasionally leave on the soil surface; (2) 
paracoprids or tunnelers - species that bury portions of dung in tunnels 
that extend straight downwards or at an oblique angle to the site where 
the dung was originally deposited, and (3) endocoprids or dwellers - 
those that live and nest inside the dung (Halffter and Matthews, 1966). 
This functional trait can alter the relative success of both larval and adult 
dung beetles in disturbed forests due to abiotic and biotic changes 
(Nichols et al., 2013). Finally, in terms of habitat specificity, beetles 
were categorized as: (1) forest specialists - species sampled only in forest 
habitats, (2) open-habitat specialists - species predominantly associated 
with open habitats, and (3) habitat generalists - species found in both 
closed-canopy forest and open habitats (Audino et al., 2014). 

2.4. Data analysis 

We estimated sampling sufficiency based on the coverage estimator 
as recommended by Chao and Jost (2012), which was performed using 
the iNEXT R package (Hsieh et al., 2016). We use a set of community- 
level attributes to examine the recovery time (or resilience) with 
which forest attributes across regenerating forest stands approach the 
scores exhibited by old-growth forests. To estimate taxonomic diversity, 

we used the effective numbers of species (so-called Hill numbers, qD) of 
orders 0 (species richness 0D, insensitive to abundance thereby giving a 
disproportionate weight to rare species), 1 (exponential Shannon en-
tropy 1D, weights each species according to its abundance in the com-
munity, without favouring rare or abundant species) and 2 (inverse 
Simpson concentration 2D, the number of ‘very abundant’ or ‘dominant’ 
species in the community) (Jost, 2006, 2007). We also compared the 
abundance of dung beetle species along the forest regeneration cline 
using rank-abundance distribution plots. 

We estimated functional diversity based on three functional indices: 
functional richness (FRic), estimated as the hypervolume enclosing the 
functional space filled by the community; functional evenness (FEve), 
which describes the distribution of biomass among functional groups 
(Villeger et al., 2008); and functional redundancy (FR), measured as the 
difference between taxonomic (using the Gini-Simpson diversity index) 
and functional diversity (using Rao’s quadratic entropy). As we com-
bined both numerical and categorical traits (body mass, species diet, 
food relocation and habitat specificity of dung beetles), we used Gower 
distances to calculate the species dissimilarity matrix (De Bello et al., 
2013). We used analyses of variance (ANOVA) with Tukey’s post-hoc 
tests to examine the abundance, and taxonomic and functional di-
versity of dung beetles between regenerating and old-growth forest 
stands. 

To compare dung beetle species composition across regenerating and 
old-growth forest stands we performed a Principal Coordinate Analysis 
(PCoA) based on Bray-Curtis dissimilarity matrices of log-transformed 
abundance (log × + 1). PERMANOVA tests with 9999 permutations 
were performed to examine the significance of the relationships among 
these habitats in terms of species similarity. We further conducted a 
indicator species analysis to determine which species characterized each 
of the two habitat types (regenerating and old-growth forest stands) 
using the multipart function and 999 permutations within the indicspecies 
R package (De Cáceres et al., 2010). 

Finally, we used Partial Least Squares Regressions (PLSR) to examine 
the effects of forest recovery time (age), forest biomass, and levels of 
aridity and chronic disturbance (predictor variables, Xi) on dung beetle 
diversity, abundance, and species composition as the first PCoA axis 
(response variables, Y). This technique is an extension of multiple 
regression analysis in which the effects of linear combinations of several 
predictors on a response variable (or multiple response variables) are 
analyzed. PLSR combines a method of dimension reduction and 
regression that can deal with insufficient sample sizes relative to the 
number of independent variables, and is particularly well suited to 
examine a large array of related predictor variables that are not truly 
independent (Carrascal et al., 2009). We used the cross-validation Root 
Mean Squared Error of Prediction (RMSEP) to find the optimal number 
of components. The component at which the cross validation RMSEP has 
a meaningful change was used in the final model. We used approximate 
t-tests of regression coefficients based on jackknife variance estimates. 
PLSR was based on the pls R package (Mevik and Wehrens, 2007). 

3. Results 

3.1. Taxonomic and functional diversity of secondary and old-growth 
forests 

A total of 9,878 individuals representing 15 dung beetle species were 
sampled across the 19 forest stands (6.05 ± 1.07 species per sample, 
mean ± SD, Table S2). Sample coverage was very high (>90%) across all 
sites (Fig. S2), indicating that our sampling effort was adequate and our 
diversity estimates were unbiased by differences in sample coverage 
among forest stands. Dung beetle assemblages varied greatly across both 
regenerating (4 to 50-yr old) and old-growth forest stands, with some 
regenerating stands exhibiting diversity scores higher than the mean 
score from old-growth forests Indeed, we recorded 4,233 individuals 
across 14 species in old-growth forests and 5,645 individuals across 14 
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species in regenerating forests. Although regenerating forests supported 
more individuals than old-growth forests, this difference was not sig-
nificant in terms of mean scores (ANOVA F = 0.29; p = 0.59) (Fig. 2a). 
The same pattern emerged in relation to species diversity considering all 
taxonomic metrics: Hill numbers order 0 (ANOVA F = 0.08; p = 0.93) 
(Fig. 2b), order 1 (ANOVA F = 1.21; p = 0.28((Fig. 2c) and order 2 
(ANOVA F = 0.55; p = 0.46) (Fig. 2d). Finally, in terms of functional 
diversity, regenerating and old-growth forest stands supported the same 
set of functional groups, with no differences among the main habitats 
regarding (1) the relative abundance of different dung beetle functional 
groups (ANOVA F = 0.54; p = 0.21), (2) functional richness (ANOVA F 
= 0.004; p = 0.95), functional evenness (ANOVA F = 0.31; p = 0.59), 
and (3) functional redundancy (ANOVA F = 1.73; p = 0.21; Fig. S3). In 
other words, we could detect no directional changes in functional groups 
associated with forest successional status. 

3.2. Taxonomic and functional composition of secondary vs. Old growth 
forests 

PCoA did not exhibit clear species clusters for both regenerating and 
old-growth forest stands (Fig. S4, and this segregation was not signifi-
cant according to PERMANOVAs (R2 = 0.06 0.02; P = 0.31). Both PCoA 
axes combined explained 82% of the overall variation in species 
composition. Indicator species analysis revealed that both old-growth 
(Deltochilum verruciferum – large, roller and habitat generalist; Indica-
tor value = 0.76, p = 0.02) and regenerating forest stands (E. hirsutum – 
small, coprophagous, dweller, habitat generalist; Indicator value = 0.94, 
p = 0.003) supported only a single indicator species per habitat type. In 
other words, regenerating and old-growth forest stands were almost 
indistinguishable in terms of their species composition. 

On the other hand, regenerating and old-growth forest stands 
differed in terms of functional/ecological profile of the dominant spe-
cies. Although not restricted to old-growth forest, the large-tunneler- 
generalist species Dicothomius geminatus accounted for 50% more in-
dividuals in late-successional forests, while E. hirsutum (a small-dweller- 
generalist species) had more than twice as many individuals in regen-
erating forests (Fig. S5a). Considering the relative abundance of func-
tional groups, small dung beetles (mainly dwellers and generalists) were 
more abundant in regenerating forests, while large dung beetles (tun-
nelers, coprophagous or generalists) were predominantly found in old- 
growth forest stands (Fig. S5b). Finally, we note that some key species 
were associated with open habitats (e.g. D. nisus and Onthophagus hir-
culus), whereas the two most abundant species (i.e. E. hirsutum and 

D. geminatus) are habitat generalists (i.e. found in both open and 
disturbed habitats as well as forest sites) (Table S2). 

3.3. Predictors of assemblage organization 

The results of the PLSR analysis indicated that four components 
explained between 15 and 37% of the original variance in abundance 
and taxonomic diversity of dung beetle assemblages across forest habi-
tats, respectively (see Appendix for more details of PLSR results). Aridity 
and chronic disturbance were strong predictors of changes in dung 
beetle assemblages, while forest age and biomass played a minor role 
(Table S3). A general pattern was the tendency of a positive effect of 
aridity and chronic disturbance on taxonomic diversity, although 
overall abundance was negatively related to chronic disturbance 
(Fig. 3). More specifically, chronic disturbance positively affected 
common species (1D) but negatively affected the total number of in-
dividuals (Fig. 3; Table S3; See Appendix for more details of PLSR 
results). 

Considering species composition, the two most abundant species (i.e. 
E. hirsutum and D. geminatus) drove the patterns of abundance-weighed 
species composition which was predicted by aridity; in other words, 
these species were positively associated with forest stands exposed to 
high aridity (Fig. 4). The results of the PLSR analysis showed that four 
components explained between 8% and 65% of the original variance 
in functional diversity and species composition (see Appendix for more 
details on PLSR results). In particular, aridity strongly affected dung 
beetle species composition and functional richness, whereas chronic 
disturbance, forest biomass and forest age played a minor role (Fig. 5, 
Table S4; see Appendix). 

4. Discussion 

Our results suggest that regenerating and old-growth forest stands 
are very similar in terms of dung beetle community structure and 
taxonomic composition, with the exception of the relative contribution 
of dominant species. In fact, dung beetle assemblages in contemporary 
Caatinga did not show predictable directional changes through the 
pseudo-chronosequence of forest regeneration or secondary succession 
(i.e. no successional replacements), with some regenerating stands 
achieving diversity scores sustained by old-growth stands. Although this 
amounts to evidence of high resilience, regenerating and old-growth 
forests were dominated by two species belonging to very divergent 
ecological groups. Regardless of forest successional status (secondary vs. 

Fig. 2. Abundance and taxonomic diversity (Hill numbers) of dung beetle assemblages across regenerating forests (4–50 years of post-clearcutting forest regener-
ation, blue) and old-growth forests (red) in a Caatinga dry forest, northeast Brazil. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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Fig. 3. Abundance, total species richness (0D), common species (1D) and dominant species (2D) responses of dung beetle assemblages to aridity and chronic 
disturbance (CAD) in a Caatinga dry forest. Fitted line and shaded area indicate the linear trends and 95% confidence intervals, respectively. 

Fig. 4. Dung beetle distribution across the aridity gradient of Caatinga dry forest. Scatter plots showing the abundance of all species combined (log × + 1) (a) and 
models fitted to the distribution of the most abundant species (Dichotomius geminatus and Eutrichilum hirsutum) across the aridity gradient. Atsem (Ateuchus aff. 
semicribatus), Cali (Canthon aff. lituratus), Cope (Coprophanaeus pertyi), Csp1 (Canthidium sp.1), Csp2 (Canthidium sp.2), Deve (Deltochilum verruciferum), Dica 
(Dichotomius catimbau), Ditge (Dichotomius geminatus), Ditse (Dichotomius semisquamosus), Ditni (Dichotomius nisus), Euhir (Eurysternus hirtellus), Ishy (Isocopris 
hypocrita), Onhi (Onthophagus hirculus), Onra (Onthophagus ranunculus) and Urba (Uroxys bahianus). 
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old-growth), aridity and chronic disturbance were decisive drivers of 
changes across a wide range of community-level attributes, including 
both taxonomic and functional dimensions of diversity, whereas 
aboveground forest biomass and forest age only played a minor role. 

The Caatinga dry forest of the drought polygon of Northeastern 
South America supports dense but relatively impoverished dung beetle 
assemblages at both local and landscape scales, with the same small set 
of species dominating local assemblages. Habitat-generalists and open- 
habitat specialists become numerically dominant and ubiquitous, 
while forest-dependent species are few and far between. However, the 
absence of directional changes in dung beetle assemblages through the 
forest succession pathway of regenerating second-growth forest is at 
odds with other studies showing the opposite trend (Audino et al., 2014; 
Bitencourt and Da Silva, 2016). This finding also indicates high forest 
resilience or recovery rate with the exception of dominant species. A 
similar pattern of dung beetle resilience occurs in other biomes such as 
tropical savanna (Cerrado) in response to fire events (Nunes et al., 
2019). Overall, community changes along the forest regeneration 
gradient includes attributes such as abundance, species richness and 
diversity, and taxonomic and functional composition in both humid and 
dry forests (Audino et al., 2014; Bitencourt and Da Silva, 2016; Biten-
court et al., 2019). These imply substantial differences between dung 
beetle assemblages in regenerating and old-growth forests and lower 
resilience compared to our dry forest study area. 

Finally, our findings show that rainfall and chronic disturbance are 
important drivers of taxonomic and functional dung beetle diversity. 

However, our results reveal a counterintuitive positive effect of aridity 
and chronic disturbance on dung beetle assemblages, while other studies 
show the reverse pattern (DeCastro-Arrazola et al., 2018). We highlight 
that modern dung beetle assemblages in this environment are resilient 
and have adjusted to dry forest stands that have experienced high levels 
of chronic disturbance and water deficit, thereby supporting reduced 
aboveground biomass (see Souza et al., 2019). Caatinga areas in our 
focal landscape represent a small-statured forest, with aboveground 
biomass ranging from 14.68 ± 10.52 Mg ha− 1 to 38.81 ± 25.08 Mg ha− 1 

across regenerating and old-growth stands, respectively (Souza et al., 
2019). Such low phytomass compared to other dry forests result from a 
combination of a long history of slash-and-burn agriculture, low pre-
cipitation and low woody plant species richness (Ribeiro et al., 2015; 
Souza et al., 2019). Moreover, our forest stands repeatedly succumb to 
predatory extraction of forest products such as firewood, timber, and 
fodder, all of which further reduce aboveground phytomass (Arnan 
et al., 2018a,b). Such chronic disturbances have been argued to reduce 
plant species richness and facilitate certain disturbance-adapted species 
(Ribeiro et al., 2016; Rito et al., 2017). Finally, most of the midsized- to 
large-bodied native vertebrates that produce fecal resources for dung- 
beetles have already being extirpated through overhunting or occur at 
very reduced abundances in the study area (Alves et al., 2020), whereas 
free-ranging domestic goats proliferate (Menezes et al., 2020). This 
further exacerbates community-level decay induced by the narrow 
spectrum and reduced amount of detrital resources, as in much of the 
Atlantic Forest biomes (Filgueiras et al., 2011). 

Fig. 5. Species composition (denoted by the PCoA axis 1) and functional species richness (FRic), evenness (FEve) and redundancy (FR) of dung beetle assemblages as 
a function of aridity and chronic disturbance (CAD) in the Caatinga dry forest. Fitted lines and shaded areas are the linear trends and observed ± 95% confidence 
intervals, respectively. 
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Accordingly, the consistent occurrence of simplified, albeit resilient, 
dung beetle assemblages most likely emerges from a combination of 
hostile natural conditions (i.e. reduced phytomass and chronic aridity) 
that are aggravated by rural poverty and the impacts of human distur-
bances that further reduce forest biomass, plant species richness and 
native vertebrate abundance (Alves et al., 2020; Ribeiro et al., 2016; 
Souza et al., 2019). Water availability can affect dung beetle assem-
blages directly through physiological constraints (Chown et al., 2011) 
and indirectly in terms of resource availability (i.e. low water avail-
ability detrimentally affects plant productivity), which limits food 
availability for large vertebrates and consequently for dung beetles 
(Tshikae et al., 2013; França et al., 2020). Climate-driven environmental 
filtering has therefore been recognized as a major factor structuring 
dung beetle assemblages across dry forests (DeCastro-Arrazola et al., 
2018; Tshikae et al., 2013). Finally, human disturbance also affects dung 
beetles by altering forest biomass and microclimatic conditions, which 
in turn negatively impact dung beetle assemblages (Nichols et al., 2007). 

Defaunated, desiccated and low-biomass forest stands are therefore 
expected to exert drastic environmental filtering for those species 
requiring high-quality habitat such as forest-dependent and disturbance- 
sensitive species and their respective functional groups (i.e. large- 
bodied, coprophages, necrophages and tunnelers). On the other hand, 
disturbance-adapted generalist species (mainly small, dwellers and 
tunnelers) can benefit from or tolerate such harsh conditions (see Abot 
et al., 2012; Audino et al., 2014; Filgueiras et al., 2019). In support of 
this rationale, (1) Deltochilum verruciferum, a large habitat generalist 
roller, was the only indicator species of old-growth forest stands, (2) 
large dung beetles (tunnelers, coprophages or generalists) were pre-
dominantly found in old-growth forest stands, (3) dung beetle species 
typically associated with open or more disturbed habitats (e.g. pastures) 
(e.g. D. geminatus, D. nisus) (Liberal et al., 2011) were recorded in both 
regenerating and old-growth forest stands, and (4) chronic disturbance 
positively affected common species (1D). 

As degradation of Caatinga dry forests goes back 350–400 yrs, these 
disturbance-adapted generalist species have probably experienced 
relaxed environmental filtering associated with the emergence of more 
open-canopy forest habitats (see Silva et al., 2017; Souza et al., 2019). 
On the other hand, forest-dependent and disturbance-sensitive species 
have experienced increased environmental filtering leading to species 
extirpation at multiple spatial scales (i.e. local, landscape and regional). 
This contributed to functional homogenization and downsizing of 
contemporary dung beetle assemblages, but favoured the resilience of 
these ‘post-equilibrium’ assemblages across Caatinga human-modified 
landscapes. In fact, biotic assemblages are expected to be contempo-
rarily resilient if they had been repeatedly exposed to a history of dis-
turbances (both natural or human related), particularly in the case of 
biotas consisting of small species pools, high disturbance and low pro-
ductivity (Balmford, 1996). 

4.1. Conclusions 

In synthesis, a combination of natural and human-related processes, 
including water availability, forest biomass and chronic human distur-
bances, likely explain dung beetle community organization across 
regenerating Caatinga dry tropical forests at the landscape scale. This 
high resilience is associated with the presence of both habitat generalists 
and open-environment specialists that are adapted to xeric and resource- 
poor conditions that can persist in both regenerating and old-growth 
forest stands. However, more intensive human disturbance and 
increasing aridity, as already predicted by climate models, are likely to 
benefit small-bodied and dweller/tunneler species, but negatively affect 
large-bodied forest-dependent tunnelers. In addition, species losses, 
which are typical of the winner-loser replacement paradigm (sensu 
Tabarelli et al., 2012) can alter nutrient cycling as well as seed dispersal 
services provided by sensitive beetle species (Slade et al., 2007). 
Although our results highlight a promising biodiversity conservation 

role played by regenerating Caatinga dry forests, further studies should 
investigate the quality and maintenance of ecological functions pro-
vided by dung beetle faunas that are adapted to chronic-disturbance and 
aridity to better understand the potential connections between insect 
communities and the resilience of dry forests in human-modified 
landscapes. 
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