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ABSTRACT

1. Because of continuing degradation or deforestation in areas of undisturbed primary
forest, there is a need to study the relative merit of strategies that mitigate their
impacts on biodiversity and associated ecological functionality.

2. Here, we provide a global synthesis of forest degradation or deforestation using 48
studies published in peer-reviewed journals that use dung beetles as indicators given
their sensitivity to anthropogenic disturbance and their relevance in performing
essential ecological functions in terrestrial ecosystems.

3. We evaluated forest cover associated with undisturbed primary forest degradation (i.e.
degraded primary forest) and undisturbed primary forest deforestation (i.e. secondary
forest, forestry plantations and forestry restoration implementation) on species
richness, total abundance, biomass, functional groups' presence and ecological
functions provided by dung beetles. Additionally, we determined whether if dung
beetle responses to forest disturbances were geographically dependent.

4. We found lower diversity and a decrease in ecological functions associated with all
classes of disturbance in primary forest. However, the effects were less severe in the
case of forest degradation compared to complete deforestation with natural
regeneration of secondary forest, development of forest plantations or active forest
restoration by planting indigenous trees. The Neotropical and Oriental regions are
particularly vulnerable, given the elevated rates of undisturbed primary forest
deforestation and its negative impact on their assemblages' diversity and ecological
functions.

5. Synthesis and applications. Our results show that efforts for the conservation of
remaining undisturbed primary forests need to be prioritized, especially in tropical
latitudes. However, in regions where primary forest conservation is not feasible,
logging management programs in degraded primary forest may have a potential role
in reducing negative impacts for dung beetle diversity and ecological functions.
Moreover, we conclude that despite the negative effect of primary forest deforestation
and implementation of secondary forest, forestry plantation and forestry restoration,



they can be useful for partial recovery of diversity and ecological functions performed
by dung beetles in areas lacking any primary forest (undisturbed or degraded)
vegetation cover.

Keywords: anthropogenic disturbance, ecological indicators, ecosystems functions, forest
recovery, functional groups, hotspots, Scarabaeidae, vegetation cover loss

1 INTRODUCTION

Undisturbed primary forest conversion (i.e. degradation and deforestation) and associated
biodiversity and ecological functions loss are direct effects of increasing anthropogenic
activities such as livestock and agricultural production (Fahrig, 2003; Foley et al., 2005;
Hooper et al., 2012). Different investigations have considered the current and future impacts
of anthropogenic activity increase (Diaz et al., 2006; Newbold et al., 2015; Sala et al., 2000)
as well as potential strategies to reduce an impact of undisturbed primary forest conversion
for biodiversity (e.g. Chazdon, 2008; Lamb et al., 2005). Undisturbed primary forest affected
by logging (selective or conventional) derived in degraded primary forests (Putz &

Redford, 2010), whereas undisturbed primary forest deforestation and posterior natural
regeneration or direct planting of forest species derived to secondary forests and forestry
plantations or forestry restoration respectively (Chazdon, 2008; Lamb et al., 2005).

Over time, the undisturbed primary forest conversion associated with human development
could be translated into an increase of the degraded primary forest, secondary forest, forestry
plantations and forestry restoration areas. However, the relative merit of these areas for
maintaining biodiversity is debatable (Audino et al., 2014; Barlow et al., 2007; Castafio-Villa
et al., 2019; Dunn, 2004; Gibson et al., 2011). Both the undisturbed primary forest conversion
and the debate on the function of these areas in maintaining biodiversity evince the necessity
to evaluate these habitats' role in biodiversity conservation and ecosystem functionality
(Brockerhoff et al., 2008; Dunn, 2004; Gibson et al., 2011). Ascertaining the relative merit of
these cover areas that favour higher biodiversity levels is important to provide future forest
recovery programs. These covers sometimes have environmental characteristics that maintain
establishment or influence the re-establishment of groups susceptible to habitat change such
as birds or mammals, although their specific responses vary according to management or
geographic region (Bohada-Murillo et al., 2020; Castafio-Villa et al., 2019; Gibson et

al., 2011). However, the global-scale research is limited considering the effect of undisturbed
primary forest conversion on the biodiversity and ecological functions of an invertebrate
taxon despite their high diversity, essential roles throughout all ecosystems and endangered
status world-wide (Cardoso & Leather, 2019; Wagner et al., 2021).

Dung beetles have been identified as an appropriate invertebrate taxon to evaluate global
patterns associated with the impact of undisturbed primary forest conversion, because their
diversity and ecological functions present high sensitivity to anthropogenic perturbations
(Bicknell et al., 2014; Fuzessy et al., 2021; Lopez-Bedoya et al., 2021; Nichols et al., 2008;
Otavo et al., 2013; Slade et al., 2011; Spector, 2006). Some of the most critical functions
involve removing excrement from the surface by burial, nutrient cycling, soil aeration,
filtration capacity, secondary seed dispersal, parasite and fly control, and the control of
greenhouse gas effects (Nichols et al., 2008; Slade et al., 2016). Knowledge about the
response of dung beetle's diversity or ecological functions to undisturbed primary forest

2



conversion has been evaluated by different synthesis (see Fuzessy et al., 2021; Lopez-Bedoya
et al., 2021; Nichols et al., 2007, 2008, 2009, 2013). However, these investigations focus a
wide range of impacts (e.g. forest area, degradation, edge effect), and not compare the
response linked to geographic context or specific impact of these cover areas. Special
scenario for the largest dung beetle diversity concentrated in tropical latitudes (Scholtz et
al., 2009), linked to the increased undisturbed primary forest conversion (McNeely &
Scherr, 2003; Mittermeier et al., 2004; Myers et al., 2000). Moreover, there are
zoogeographical regions (e.g. Neotropical and Oriental regions and associated hotspots) that
present high dung beetle diversity with elevated rates of undisturbed primary forest
conversion (see Davis et al., 2002; Halffter, 1991; Nichols et al., 2013). This scenario could
be contributing to the differential response of dung beetles between degraded primary forest,
secondary forest, forestry plantations and forestry restoration located in different
geographical areas of interest for biodiversity conservation. For example, secondary forest
has shown a variety of responses between Neotropical and Oriental regions, from severe
reductions to positive responses on species richness, abundance or ecological functions,
relative to undisturbed primary forest controls (see Andresen, 2008; Braga et al., 2013;
Edwards et al., 2014; Gardner et al., 2008; Noriega et al., 2021).

Accordingly, this work's main objective was to build a global overview of responses to the
undisturbed primary forest conversion (both degradation and deforestation) using dung
beetles as an indicator tool. We then evaluate if the different assemblages' responses are
consistent between tropical and non-tropical latitudes, zoogeographical regions and
biodiversity hotspots. Based on bibliographical data, we assessed the extent to which: (a)
degraded primary forest, secondary forest, forestry plantation and forestry restoration show
reduced diversity and ecological functions compared to undisturbed primary forests, and (b)
the effects of these coverages would be more pronounced in the tropical latitudes, especially
in regions with high levels of species richness and conservation interest, that is, biodiversity
hotspots.

2 MATERIALS AND METHODS
Literature search and inclusion criteria

We performed a literature search following the PRISMA methodology (Moher et al., 2009)
and recommendations proposed by Nakagawa et al. (2017), including only indexed articles
on the Scopus and Web of Science databases between January 1950 and December 2020,
based on the following directed search equation to the title, abstract and keywords sections of
each document: (forest® OR regenerat* OR degradat®* OR restorat* OR plantat* OR logged*
OR biomass OR dung removal OR “functional group” OR remotion* OR “seed dispersal”)
AND (“dung beetle” OR scarabaei*). We use these search words based in the common names
used for dung beetles and the interest cover types evaluated in this meta-analysis.

We found 1,422 articles in the databases, reduced to 324 articles after removing duplicate
results and articles that developed other topics, such as molecular biology or behavioural
studies. Full texts of the selected articles were accessed, and only those that met the following
criteria were included in our study: (a) they performed a comparison of undisturbed primary
forests (control) with degraded primary forest, secondary forest, forestry plantations or
forestry restoration (treatments) (we utilized forest definition proposed by Chazdon et

al., 2016; and see Table 1 for more details of control and treatments definitions), and (b) they
contained data on the descriptive statistics of the sample sizes, mean and their standard



deviation (or any other data from which a standard deviation may be calculated) (see Hozo et
al., 2005; Wan et al., 2014).

TABLE 1. Coverage definitions of the different types of forests included in the meta-analysis with their
reference and examples used

Coverage forest type definition Global area References
Primary forest is defined as natural forests | 1,110 million | Global reference definition (Wilcove et
that have never undergone selective ha al., 2013); global area (FAO, 2020); study
logging events or total clear-cutting case examples in this meta-analysis (Audino

et al., 2014; Slade et al., 2011)

Degraded native forests are defined as 480 million Global reference definition (Putz &
natural forests with selective logging but ha Redford, 2010); global area (FAO, 2020;
always with a constant natural forest cover Poudyal et al., 2018); study case examples in

this meta-analysis (Edwards et al., 2017;
Slade et al., 2011)

Secondary forest is defined as natural 2,160 million | Global reference definition (FAO, 2020;
forest derived from natural regrowth after ha Poorter et al., 2016); global area (FAO, 2020);
total clearance of primary forest study case examples in this meta-analysis

(Andresen, 2008; Gardner et al., 2008)
Forestry plantations were established by 150 million Global reference definition (FAO, 2020;

seeding or planting to achieve primarily ha Stephens & Wagner, 2007); global area
economic objectives related explicitly to (FAO, 2020); study case examples in this
wood biomass production (e.g. timber and meta-analysis (Beiroz et al., 2016; Gardner et
other wood products as paper pulp) al., 2008)

Forestry restoration was established by 140 million Global reference definition (Bechara et
multiple seeding or planting forest species | ha al., 2016; Lamb et al., 2005); global area

to achieve conservation and rehabilitation (FAO, 2020; Masiero et al., 2015); study case
of degraded areas primarily examples in this meta-analysis (Audino et

al., 2014; Derhé et al., 2016)

On these criteria, 48 articles were included in the analysis that evaluated one or more metrics
for dung beetles (Figure S1). The included articles sampled dung beetle's species richness or
abundance using pitfall traps, generally utilizing excrement of human, pig or cow in the baits
for pitfall traps or functional functions measurements. Moreover, we considered that the
study design utilized in many of these investigations utilized sufficiently interspersed unit
samples guaranteeing the independence between sampling units, with distances more than
250 m between sampling points when the sampling unit was the patch, and 50 m or more
when the sampling unit was the pitfall trap (e.g. Audino et al., 2014; Beiroz et al., 2016;
Slade et al., 2011). In articles that evaluated different vegetation covers, locations or
sampling sites in the same study, we considered each case independently (see Fonturbel et
al., 2015). Also, in studies with measures over different periods, for example, 2 or more
years, rainy or dry seasons, we considered these different sampling events as independent
(e.g. Borenstein et al., 2009; Mengersen et al., 2013) since there was no « priori rule based on
randomness to choose a time unit for the analyses. A list of data sources used in the study is
provided in the supplementary material.

Modelling effect and magnitude

We estimated each case study's effect using the Hedges d statistic, which uses weighted
standardized deviations (Hedges & Olkin, 1985). This measure is used to determine the
magnitude of a treatment variable's effect concerning a control group (Borenstein et al., 2009;
Gurevitch et al., 2001). We used random effects models based on the inclusion of degraded
primary forest with different logging intensity, and secondary forest, forestry plantations or



forestry restoration with different ages or patch size area. This type of model reduces the bias
generated when comparing research with different habitat attributes (Konstantopoulos &
Hedges, 2010).

Dung beetle and environmental variables influence moderators

The global effect on dung beetles of undisturbed primary forest conversion was estimated
taking into account: (a) species richness, (b) total abundance, (c) biomass, (d) percentage of
dung removal, (¢) amount of excavated soil and (f) percentage of seed dispersal. For species
richness and total abundance, four influential environmental variables were defined: (a) cover
type (degraded primary forest, secondary forest, forestry plantation and forestry restoration),
(b) latitudinal biome (tropical between 23°N and 23°S, or non-tropical), (c) zoogeographical
region (see Davis et al., 2002) and (d) overlap with biodiversity hotspots (see Mittermeier et
al., 2004; Myers et al., 2000).

According to variations in functional group structure measured by species richness and
abundance, each group plays different and complementary functional roles in the ecosystem
(Milotic et al., 2018; Slade et al., 2007, 2019); in addition, the genus of dung beetle can
influence the response that has the abundance (Nichols et al., 2013). For this reason, we have
defined four functional variables for dung beetle abundance: (a) abundance per genus, (b)
relocation type (tunnellers or rollers), (c) beetle size (large or small) and (d) functional group
(large tunnellers, small tunnellers, large rollers or small rollers). For these moderators, we
utilized articles that provided abundance mean and statistic metrics for genus or functional
group (see Braga et al., 2013; Davis & Philips, 2005; Edwards et al., 2017; Escobar &
Chacon de Ulloa, 2000; Neita & Escobar, 2012; Shahabuddin, 2010; Shahabuddin et

al., 2005; Slade et al., 2011).

The classification of beetle size was done for each database independently. This procedure
avoids the bias caused by potential differences in size of the beetles (large vs. small species)
compared between studies. All the articles included performed functional classification based
on small dung beetles (between 0 and <10 mm) and large dung beetles (10 mm or more). For
articles that did not evaluate abundance by functional group, but presented abundance values
per species, we classified each species into a functional group based on their relocation type
(tunnellers or rollers) and beetle size (large or small), according to previous regional
publications (see Braga et al., 2013; Doube, 1990; Halffter & Edmonds, 1982; Halffter &
Matthews, 1966; Hanski & Cambefort, 1991; Slade et al., 2011). The dweller functional
group was not included in the analysis because our literature search did not present
independent statistic metrics for this group.

Statistical analysis

We estimated homogeneity between the groups (Obetween statistic) to determine the level of
heterogeneity between the levels of moderator variables. This statistic has a y? distribution
that compares the variation within and between the different levels of moderators (Higgins et
al., 2003). We used this statistic because it is the best fit for analysing random models
(Borenstein et al., 2009). Finally, we performed meta-regression models (see Thompson &
Higgins, 2002), separately for dung removal and seed dispersal, using richness and total
abundance as the continuous variables to determine the effect of richness and abundance on
the ecological functions performed by dung beetles. Given that there may be asymmetries
associated with the sample size between some moderator levels, we recommend caution
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when interpreting the results with those levels of moderators with less than 10 cases.
(Bohada-Murillo et al., 2020).

Publication bias

Studies with neutral or negative results are less likely to be published, so we estimated the
numbers of these that would be necessary to obtain non-significant effects in our analyses
using the Rosenthal test (see Fonturbel et al., 2015). Furthermore, since we did not find an
equal number of positive, neutral and negative cases, we also performed a ‘trim-and-fill’
analysis. This analysis evaluates the bias in the cases' distribution asymmetry and recalculates
the effect's global average and confidence intervals (Duval & Tweedie, 2000). Bias analyses
were carried out for all evaluated metrics. However, we advise caution in interpreting the
results for specific metrics with low frequency in the literature, that is, percentage of dung
removal, percentage of seed dispersal and rate of excavated soil. All analyses were performed
with the Comprehensive Meta-Analysis 3.0 software (Borenstein et al., 2005).

3 RESULTS

Overview database

Of the 48 articles that were analysed, we found 455 comparisons for dung beetles. The total
number of comparisons species richness and total abundance were the best represented with
170 and 146 comparisons, respectively; secondary forest was the best represented cover with
173 comparisons. All other metrics were represented for 5-60 comparisons, that is,
percentage of dung removal, percentage of seed dispersal, rate of excavated soil and biomass
(Tables S1 and S2). These comparisons were distributed mainly in tropical latitudes,
particularly in Brazil, Indonesia and Malaysia (Figure 1).
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FIGURE 1. Number of articles evaluated in the current meta-analysis organized by countries and different
included metrics



Species richness and abundance of dung beetles

We found a negative global effect on dung beetle richness and total abundance associated
with undisturbed primary forests conversion (degradation and deforestation) (Figures 2a and
3a). Moreover, this effect was less severe in degraded primary forest than in secondary
forests, forestry plantations and forestry restoration (Figures 2b and 3b). In general, species
richness and abundance displayed different responses depending on latitude, zoogeographical
region and biodiversity hotspots. For example, a neutral or slightly positive effect on species
richness was shown in non-tropical latitudes (Figures 2c and 3c). Moreover, the Australasia,
Neotropical and Oriental regions displayed a negative effect on species richness and total
abundance instead of a neutral—positive effect shown in the Afrotropical and Nearctic regions
(Figures 2d and 3d).
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FIGURE 2.

Effects on dung beetle species richness attributed to the replacement of primary forests. The average and 95%
confidence intervals are shown for: (a) general effect, (b) type of vegetation cover, (c) latitude, (d)
zoogeographical region and (e) biodiversity hotspots. The number of case studies per level of the moderator is
given in parenthesis. Asterisks denote confidence intervals that are significantly different from zero. Qb
represents the homogeneity between the groups in comparisons. Significance levels were determined as:
*p<0.05, **p<0.01, ***p < 0.001
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FIGURE 3. Effects on total dung beetle abundance attributed to the replacement of primary forests. The
average and 95% confidence intervals are shown for: (a) general effect, (b) type of vegetation cover, (c) latitude,
(d) zoogeographical region and (e) biodiversity hotspots. The number of case studies per level of the moderator
is given in parenthesis. Asterisks denote confidence intervals that are significantly different from zero. Qb
represents the homogeneity between the groups in comparisons. Significance levels were determined as:

*p <0.05, ¥**p<0.01, ***p <0.001

The more severe negative results in the Australasia, Neotropical and Oriental regions were
driven by a larger number of case studies with negative results in forestry plantations and
forestry restoration. Besides, some biodiversity hotspots in these zoogeographic regions such
as Atlantic forest, Forest of East Australia, Guinean forest of West Africa, Sundaland,
Tumbes-Choco-Magdalena and Wallacea presented a more severe negative effect on species
richness and/or abundance, compared to the Maputaland-Pondoland-Albany, Mesoamerica
and Tropical Andes hotspots, for which a neutral-positive effect was recorded (Figures 2e
and 3e).

Genera, functional traits and ecological functions

Different responses to the undisturbed primary forests conversion were found for different
genera and functional traits. However, a loss of ecological functions was recorded in all



studies. Abundances of Sulcophanaeus, Uroxys, Dichotomius and Onthophagus showed
negative tendencies to undisturbed primary forest conversion while those of Copris,
Diastellopalpus and Sisyphus were neutral or slightly positive effects (Figure 4a). Large and
small tunnellers displayed more severe adverse effects in comparison to large and small
rollers (Figure 4d), suggesting that this result may be related more to the type of relocation
than to the size of individuals. Differences were not found between beetles of different sizes
but were attributed to relocation type; tunnellers being more affected by undisturbed primary
forests conversion (Figures 4b,c). Biomass, percentage of dung removal and percentage of
seed dispersal also showed negative effects (Figures 4e,f,h), whereas those for the amount of
excavated soil were neutral (Figure 4g).
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FIGURE 4. Effects on specific moderators of dung beetle abundance and ecosystem functions attributed to the
replacement of primary forests. The average and 95% confidence intervals are shown for: (a) genus, (b) beetle
size, (c) relocation type, (d) functional group, (¢) biomass, (f) dung removal, (g) excavated soil and (h) seed
dispersal. The number of case studies per level of the moderator is given in parenthesis. Asterisks denote
confidence intervals that are significantly different from zero. Qtotal represents the total homogeneity value for
a given variable, and Qb represents the homogeneity between the groups in comparisons. Significance levels
were determined as: *p <0.05, **p <0.01, ***p <0.001



Effects of species richness and total abundance on ecological functions

The species richness and abundance had a significant effect on ecological functions

(Figure 5). Less negative effects for species richness derived in significantly increased dung
removal and seed dispersal (slope = 0.466, p <0.001; and slope = 0.714, p <0.001
respectively). Also, less severe effects for dung beetle abundance derived in increased dung
removal (slope = 0.351, p = 0.0035). However, dung beetle abundance did not influence seed
dispersal (slope = 0.054, p = 0.641).
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FIGURE 5. Effect on dung beetle species richness and total abundance of dung removal (top panels) and seed
dispersal (bottom panels) after disturbance of primary forest

Publication bias

In general, the Rosenthal security number (i.e. the number of non-published case studies
necessary to obtain non-significant results) shows that the different evaluated metrics present
reliable results compared to the safety threshold. This confirms that the observed effects are
not due to bias associated with the omission of articles with neutral or negative effects.
However, given the test results (see Table S3), we advise caution in interpreting our dung
removal findings and excavated soil. Besides, the magnitude and direction did not vary
substantially across the different metrics evaluated in the ‘trim-and-fill’ analysis,
demonstrating that our results are reliable and not influenced by the asymmetry in the number
of positive, neutral or negative case studies (Figure S2; Table S4).
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4 DISCUSSION

We performed a meta-analysis on the impact of undisturbed primary forest conversion on
diversity and ecological functions, using dung beetles as a model study taxon. Overall, we
found support for our research hypotheses, demonstrating that degraded primary forest,
secondary forest, forestry plantations and forestry restoration supported lower diversity and
ecological functions loss and that geographical location influence these effects. However,
degraded primary forest had less negative effect for dung beetles than secondary forest,
forestry plantations and forestry restoration. These negative effects were more pronounced in
vulnerable areas such as Australasia, Neotropical and Oriental regions. We concluded that
undisturbed primary forest conservation is the best fit for dung beetle diversity and ecological
function preservation. However, in vulnerable regions and associated hotspots, where
undisturbed primary forest is not feasible, degraded primary forest associated with logging
managements programs could be the best strategy to reduce negative impacts for dung
beetles.

Overall response of species richness and total abundance

Our results demonstrate a negative global effect on dung beetle species richness and
abundance associated with undisturbed primary forest conversion. These findings agree with
investigations based on different faunal taxa that demonstrate the loss of species richness and
abundance in response to undisturbed primary forest conversion (see Barlow et al., 2007;
Castafio-Villa et al., 2019; Gibson et al., 2011). Undisturbed primary forest conversion and
consequent creation of degraded primary forest, secondary forest, forestry plantations or
forestry restoration drives different micro-habitat characteristics to those of undisturbed
primary forests, such as a reduced basal area and increased canopy opening (Audino et

al., 2017; Barlow et al., 2007; Beiroz et al., 2019; Culot et al., 2013; Parry et al., 2007), a
larger percentage of coarse sand in the soil (associated with the degree of soil compaction),
lower soil moisture content and higher temperatures (Beiroz et al., 2019; Senior et al., 2017).
Furthermore, these coverages may have lower excrement availability due to large vertebrates'
defaunation compared to undisturbed primary forests (Barlow et al., 2007; Fuzessy et

al., 2021; Parry et al., 2007). This combination of factors may explain the negative effects of
dung beetle assemblages in response to the undisturbed primary forest conversion. Also, it
should be noted that, responses could be varied according to the specific micro-habitat
requirements of different beetle species (Davis et al., 2001), given for a physiological
restrictions (Franga et al., 2018; Salomao et al., 2019), associated with elevated soil
temperatures and light intensity, lower soil moisture levels and increased soil compaction
impacting on feeding, reproduction and establishment (Chown, 2001; Halffter &

Edmonds, 1982; Nyamukondiwa et al., 2018; Osberg et al., 1994; Sheldon et al., 2011).

Differential effects between cover types for dung beetles

Our study shows that degraded primary forest have less negative effects on dung beetle's
diversity, comparatively with secondary forest, forestry plantations and forestry restoration.
This matches with local studies that emphasize the viability of degraded primary forest for
conserving a representative dung beetle assemblage of undisturbed primary forest (Audino et
al., 2014; Davis & Philips, 2005; Slade et al., 2011). Depending of logging intensity
(selective or conventional) (de Moura et al., 2021) the primary forest may be maintained
through time, minimizing the negative effects for biodiversity (Bicknell et al., 2014; Davis et
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al., 2001; Fuzessy et al., 2021) when compared to the complete removal of undisturbed
primary forest.

On the other hand, although secondary forest, forestry plantations and forestry restoration
show more negative effects, in some cases they could maintain dung beetle assemblage in
deteriorated or locally eradicated primary forests (undisturbed or degraded) (Andresen, 2008;
Arellano et al., 2013; Davis et al., 2003; Derhé et al., 2016). Finally, surprisingly, we found
the most negative effect in forestry restoration compared to forestry plantations. Our meta-
analysis, forestry plantations included, generally utilized fast-growing tree species,
minimizing the direct exposition of soil in early stages (Beiroz et al., 2016), while forestry
restoration has implemented generally with a mixture of slow-growing native tree species
(Audino et al., 2014). However, forestry restoration could promote higher dung beetle
diversity with an increase in age (Audino et al., 2014; Derhé et al., 2016), associated with
friendly micro-climatic characteristics (i.e. soil temperature and humidity) presents in older
restoration (Audino et al., 2017).

The effect of geographical location

The impacts on species richness and abundance proved to depend on dung beetles'
geographical context. Global dung beetle diversity is influenced by the availability of
excrement resources produced by mammals (Davis et al., 2002; Scholtz et al., 2009). The
most significant negative impact occurred in tropical latitudes, where highly mammal
diversity loss and undisturbed primary forests conversion and increases in poaching (Fritz et
al., 2009; Gibson et al., 2011), leads to negative impacts on the diversity and structure of
dung beetle assemblages (Nichols et al., 2009). Added to the decline in mammals in the
tropics, there is a more complicated scenario concerning primary forest deforestation rates
and their conversion rates into forestry plantations. According to global statistics, the tropics
show the most massive undisturbed primary forest deforestation rates and have the most
extensive conversion rates into forestry plantations compared to non-tropical latitudes
(FAO, 2020; Keenan et al., 2015; Payn et al., 2015).

The effects of zoogeographical regions were more severe in areas with high diversity and
significant conservation interest. In particular, the largest negative impacts were shown in
Australasia, Neotropical and Oriental regions and associated hotspots. These regions are
characterized by high levels of dung beetle species richness (Davis et al., 2002; Scholtz et
al., 2009) and a critical degradation and deforestation of primary forest with over 75% of
their original area lost to deforestation (Armenteras et al., 2003; Mittermeier et al., 2004;
Mpyers et al., 2000). The primary forest remnants (undisturbed and disturbed) in these regions
are subject to logging managements, in fragmented landscape and isolated by agrarian,
livestock development or the establishment of large urban areas. The continuous escalation in
these activities threatens to decrease primary forest vegetation even further and may lead to
an accelerated loss of biodiversity.

Moreover, although the Australasia, Neotropical and Oriental zoogeographical regions
comprise only 20% of global forestry plantations, these are mainly composed of exotic
species (FAO, 2020; Payn et al., 2015). For example, in South America, 85% of forestry
plantations are of exotic origin (e.g. Pinus or Eucalyptus), 75% in Oceania and 37% in Asia
(Payn et al., 2015). Prospects in the top 10 countries with the most area of forestry plantations
(see Payn et al., 2015) are expected to be even more harmful due to the increase in this type
of vegetation cover, including Indonesia (associated with the Wallacea hotspot), Thailand and
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Vietnam (related to the Sundaland hotspot). Given this situation, South-eastern Asia, Oceania
and South America can be considered as extremely vulnerable regions due to the growing
threat that primary forests experience regarding the increase in exotic plantations and its
consequent negative effect on tropical dung beetles (see Beiroz et al., 2016; Gardner et

al., 2008; Ueda et al., 2015).

Genera, functional traits, and ecological functions related to diversity

Although the number of articles related to functional aspects was low compared to species
richness and total abundance, we observed a significant reduction in biomass, and
impoverishment in assemblage and functional group structure, and a loss of ecological
functions (e.g. dung removal and seed dispersal) in response to undisturbed primary forest
conversion. As responses differed between genera, some of those genera identified that
displayed a negative response (e.g. Sulcophanaeus, Uroxys, Dichotomius and Onthophagus)
may be used as bioindicators to monitor this functional loss as has been demonstrated in other
studies (Audino et al., 2011; Bitencourt et al., 2019; Cajaiba et al., 2017; Daniel et al., 2014;
Filgueiras et al., 2015).

Several studies have shown the marked effect of defaunation (i.e. the loss of large mammals)
on beetle assemblages' structure (Feer & Boissier, 2015; Fuzessy et al., 2021; Nichols et

al., 2009; Raine & Slade, 2019). In functional groups, large tunnellers were the most sensitive
to vegetation cover changes in the present study, displaying a substantial decrease in
abundance to the undisturbed primary forests conversion. This functional group requires
larger quantities of excrement for feeding and nesting that can only be generated by large
mammals, which are the first to disappear with vegetation cover changes due to
anthropogenic perturbation, potentially explaining the observed sensitivity to changes in
tunnelling beetles (Raine & Slade, 2019). The disappearance of large species can exacerbate
negative effects for ecosystem functioning since these are the species that make the greatest
functional contribution (Piccini et al., 2019).

Our study is the first global analysis to evaluate ecosystem functions performed by an
arthropod taxon and its response to undisturbed primary forest conversion. According to our
analysis, dung removal and seed dispersal are strongly and negatively affected by vegetation
cover changes. Our global pattern agrees with previous local studies evaluating these metrics
(see Audino et al., 2014; Braga et al., 2012; Horgan, 2005; Larsen et al., 2005; Slade et

al., 2011). The effect is related to decreased abundance, species richness, biomass and
functional groups of the dung beetle assemblage (Buse & Entling, 2019; Derhé¢ et al., 2016;
Milotic et al., 2018; Slade et al., 2007). Various studies have shown that assemblages with
high functional richness values maintain a larger number of ecosystem functions and offer
greater resilience to anthropogenic perturbation events (Beynon et al., 2012; Manning et

al., 2016; Menéndez et al., 2016; Milotic et al., 2018), whereas reduction in species richness
or abundance leads to profound negative effects at multiple levels in the ecosystem
functioning (Larsen et al., 2005). In contrast, the neutral response of soil removal may be
associated with the broad range of values or the low number of studies for this variable (e.g.
Amezquita & Favila, 2010; Amore et al., 2018; Frank et al., 2017). Nevertheless, this
response will likely be negative in the future studies given that degraded primary forest,
secondary forest, forestry plantations or forestry restoration soils show a higher degree of
compaction, lower moisture and a smaller amount of leaf litter (Gries et al., 2012). All of
these factors have been previously demonstrated to hinder soil removal by beetles

(Sowig, 1995).
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Some authors have proposed that undisturbed primary forest conversion by these coverages
may be less disruptive to ecological functions than when replaced with heavily perturbed or
open areas such as grasslands (see Brockerhoff et al., 2008; Derhé et al., 2016; Estrada &
Coates-Estrada, 2002; Neita & Escobar, 2012; Slade et al., 2011). To better understand the
pattern found in the current study, we recommend experimental field evaluation on a global
scale for the different ecological functions provided by dung beetles (e.g. dung removal, seed
dispersal) in undisturbed primary forest, degraded primary forest, secondary forest, and
forestry restoration or plantation types.

5 CONCLUSIONS

The results show that undisturbed primary forest conversion (degradation or deforestation)
has a negative effect on species richness and abundance, alteration in the assemblages'
functional structure and a reduction in ecological functions. Moreover, we demonstrate that
these effects are dependent on geographical context, particularly with the most obvious
negative effects in tropical latitudes and biodiversity hotspots. Our results show a priority of
focusing conservation efforts on remaining undisturbed primary forests, especially in tropical
latitudes and countries located in regions with high biodiversity such as Borneo, Brazil,
Colombia, Ecuador, Indonesia, Malaysia, New Guinea and Peru. However, where
undisturbed primary forest conservation is not feasible, we recommend implementing logging
managements for these undisturbed primary forest (selective or conventional) as the best
strategy for conservation of diversity and ecological functions of dung beetles. Besides, in
landscape where primary forest (undisturbed or degraded) has been extirpated, secondary
forest creation could be a good strategy for dung beetle diversity conservation. Finally, we
propose the necessity for future studies to consider the intensity of logging, secondary forest
or forestry age or connectivity for dung beetles. The above determines which management
characteristics can moderate less severe responses with the conversion of primary forests over
biodiversity.

ACKNOWLEDGEMENTS

The authors thank Wallace Beiroz for facilitating dataset information to develop the analyses.
They thank Juan Mateo Rivera for their help in generating the map. They also thank Estefani
Martinez Sanchez and Erika Alejandra Cardona for their valuable comments on the
manuscript, and Javier H. Santos and David Morris from English Syntax for their thorough
English revision. CNPq supported L.D. Audino, proc. PDJ 150776/2017-9.

AUTHORS' CONTRIBUTIONS

P.A.L.-B. and J.A.N. designed the research; P.A.L.-B. collepted, cleaned and filtered the data;
P.A.L.-B. and M.B.-M. analysed the data; P.A.L.-B., M.C.A.-V., L.D.A. and J.A.N. led the
writing of the manuscript, assisted by A.L.V.D. and G.G. All authors contributed critically to
the drafts and gave final approval for publication.

DATA AVAILABILITY STATEMENT

Data are available via the Dryad Digital Repository https://doi.org/10.5061/dryad.4tmpg4fcO
(Lopez-Bedoya et al., 2022).

14



REFERENCES

Amezquita, S., & Favila, M. E. (2010). Removal rates of native and exotic dung by dung
beetles (Scarabaeidae: Scarabaeinae) in a fragmented tropical rain forest. Environmental
Entomology, 39, 328— 336.

Amore, V., da Silva, P. G., Hensen, M. C., Hernandez, M. 1. M., & Lobo, J. M. (2018).
Variation in dung removal by dung beetles in subtropical Atlantic Rainforests. Entomologia
Experimentalis et Applicata, 166, 854— 862.

Andresen, E. (2008). Dung beetle assemblages in primary forest and disturbed habitats in a
tropical dry forest landscape in western Mexico. Journal of Insect Conservation, 12, 639—
650.

Arellano, L., Leén-Cortés, J. L., Halffter, G., & Montero, J. (2013). Acacia woodlots, cattle
and dung beetles (Coleoptera: Scarabaeinae) in a Mexican silvopastoral landscape. Revista
Mexicana de Biodiversidad, 84, 650— 660.

Armenteras, D., Gast, F., & Villareal, H. (2003). Andean forest fragmentation and the
representativeness of protected natural areas in the eastern Andes, Colombia. Biological
Conservation, 113, 245— 256.

Audino, L. D., da Silva, P. G., Nogueira, J. M., de Moraes, L. P., & Vaz-de-Mello, F. Z.
(2011). Scarabaeinae (Coleoptera, Scarabaeidae) de um bosque de eucalipto introduzido em
uma regido originalmente campestre. lheringia, 101, 121— 126.

Audino, L. D., Louzada, J., & Comita, L. (2014). Dung beetles as indicators of tropical forest
restoration success: Is it possible to recover species and functional diversity? Biological
Conservation, 169, 248— 257.

Audino, L. D., Murphy, S. J., Zambaldi, L., Louzada, J., & Comita, L. S. (2017). Drivers of
community assembly in tropical forest restoration sites: Role of local environment,
landscape, and space. Ecological Applications, 27, 1731— 1745.

Barlow, J., Gardner, T. A., Araujo, I. S., Avila-Pires, T. C., Bonaldo, A. B., Costa, J. E.,
Esposito, M. C., Ferreira, L. V., Hawes, J., Hernandez, M. 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., Nunes-Gutjahr, A. L., Overal, W. L., ... Peres, C. A. (2007). Quantifying the biodiversity
value of tropical primary, secondary, and plantation forests. Proceedings of the National
Academy of Sciences of the United States of America, 104, 18555— 18560.

Bechara, F. C., Dickens, S. J., Farrer, E. C., Larios, L., Spotswood, E. N., Mariotte, P., &
Suding, K. N. (2016). Neotropical rainforest restoration: Comparing passive, plantation and
nucleation approaches. Biodiversity and Conservation, 25, 2021—2034.

Beiroz, W., Barlow, J., Slade, E. M., Borges, C., Louzada, J., & Sayer, E. J. (2019).
Biodiversity in tropical plantations is influenced by surrounding native vegetation but not
yield: A case study with dung beetles in Amazonia. Forest Ecology and Management, 444,
107-114.

15



Beiroz, W., Slade, E. M., Barlow, J., Silveira, J. M., Louzada, J., & Sayer, E. (2016). Dung
beetle community dynamics in undisturbed tropical forests: Implications for ecological
evaluations of land-use change. Insect Conservation and Diversity, 10, 94— 106.

Beynon, A. A., Mann, D. J., Slade, E. M., & Lewis, O. T. (2012). Species-rich dung beetle
communities buffer ecosystem services in perturbed agro-ecosystems. Journal of Applied
Ecology, 49, 1365— 1372.

Bicknell, J. E., Phelps, S. P., Davies, R. G., Mann, D. J., Struebig, M. J., & Davies, Z. G.
(2014). Dung beetles as indicators for rapid impact assessments: Evaluating best practice
forestry in the neotropics. Ecological Indicators, 43, 154— 161.

Bitencourt, B. S., da Silva, P. G., Morato, E. F., & de Lima, Y. G. (2019). Dung beetle
responses to successional stages in the Amazon rainforest. Biodiversity and Conservation, 28,
2745-2761.

Bohada-Murillo, M., Castafio-Villa, G. J., & Fonturbel, F. E. (2020). The effects of forestry
and agroforestry plantations on bird diversity: A global synthesis. Land Degradation &
Development, 31, 646— 654.

Borenstein, M., Hedges, L. V., Higgins, J., & Rothstein, H. R. (2005). Comprehensive meta-
analysis version 2. Biostat.

Borenstein, M., Hedges, L. V., Higgins, J. P. T., & Rothstein, H. R. (2009). Introduction to
meta-analysis. John Wiley & Sons.

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.

Braga, R. F., Korasaki, V., Audino, L. D., & Louzada, J. (2012). Are dung beetles driving
dung-fly abundance in traditional agricultural areas in the Amazon? Ecosystems, 15, 1173—
1118.

Brockerhoff, E. G., Jactel, H., Parrotta, J. A., Quine, C. P., & Sayer, J. (2008). Plantation
forests and biodiversity: Oxymoron or opportunity? Biodiversity and Conservation, 17, 925—
951.

Buse, J., & Entling, M. H. (2019). Stronger dung removal in forest compared with grassland
is driven by trait composition and biomass of dung beetles. Ecological Entomology, 45(2),
223—-231. https://doi.org/10.1111/een.12793

Cajaiba, R. L., Perico, E., Dalzochio, M. S., da Silva, W. B., Bastos, R., Cabral, J. A., &
Santos, M. (2017). Does the composition of Scarabaeidae (Coleoptera) communities reflect

the extent of land use changes in the Brazilian Amazon? Ecological Indicators, 74, 285—294.

Cardoso, P., & Leather, S. R. (2019). Predicting a global insect apocalypse. Insect
Conservation and Diversity, 12, 263— 267.

16



Castafio-Villa, G. J., Estevez, J. V., Guevara, G., Bohada-Murillo, M., & Fonturbel, F. E.
(2019). Difterential effects of forestry plantations on bird diversity: A global assessment.
Forest Ecology and Management, 440, 202— 207.

Chazdon, R. L. (2008). Beyond deforestation: Restoring forests and ecosystem services on
degraded lands. Science, 320, 1458— 1460.

Chazdon, R. L., Brancalion, P. H., Laestadius, L., Bennett-Curry, A., Buckingham, K.,
Kumar, C., Moll-Rocek, J., Vieira, I. M. G., & Wilson, S. J. (2016). When is a forest a forest?
Forest concepts and definitions in the era of forest and landscape restoration. Ambio, 45, 538—
550.

Chown, S. L. (2001). Physiological variation in insects: Hierarchical levels and implications.
Journal of Insect Physiology, 47, 649— 660.

Culot, L., Bovy, E., Vaz-de-Mello, F. Z., Guevara, R., & Galetti, M. (2013). Selective
defaunation affects dung beetle communities in continuous Atlantic rainforest. Biological
Conservation, 163, 79— 89.

Daniel, G. M., Nunes, L. G. O. A., & Vaz-de-Mello, F. Z. (2014). Species composition and
fucntional guilds of dung beetles (Insecta: Coleoptera: Scarabaeidae: Scarabaeinae) in
different vegetational types in the Brazilian Shield-Chacoan depression border. Annales de la
Societé Entomologique de France, 50, 183— 190.

Davis, A. J., Holloway, J. D., Huijbregts, H., Krikken, J., Kirk-Spriggs, A. H., & Sutton, S. L.
(2001). Dung beetles as indicators of change in the forests of northern Borneo. Journal of
Applied Ecology, 38, 593—616.

Davis, A. L. V., & Philips, T. K. (2005). Effect of deforestation on a southwest Ghana dung
beetle assemblage (Coleoptera: Scarabaeidae) at the periphery of Ankasa conservation area.
Environmental Entomology, 34, 1081— 1088.

Davis, A. L. V., Scholtz, C. H., & Philips, T. K. (2002). Historical biogeography of
scarabaeinae dung beetles. Journal of Biogeography, 29, 1217— 1256.

Davis, A. L. V., Van Aarde, R. J., Scholtz, C. H., & Delport, J. H. (2003). Convergence
between dung beetle assemblages of a post-mining vegetational chronosequence and unmined
dune forest. Restoration Ecology, 11, 29—42.

de Moura, R. S., Noriega, J. A., Cerboncini, R. A. S., Vaz-de-Mello, F. Z., & Junior, L. K.
(2021). Dung beetles in a tight-spot, but not so much: Quick recovery of dung beetles
assemblages after low-impact selective logging in Central Brazilian Amazon. Forest Ecology
and Management, 494, 119301.

Derhé, M. A., Murphy, H., Monteith, G., & Menéndez, R. (2016). Measuring the success of
reforestation for restoring biodiversity and ecosystem functioning. Journal of Applied

Ecology, 53, 1714—1724.

Diaz, S., Fargione, J., Chapin, F. S., III, & Tilman, D. (2006). Biodiversity loss threatens
human well-being. PLoS Biology, 4, 1300— 1305.

17



Doube, B. M. (1990). A functional classification for analysis of the structure of dung beetle
assemblages. Ecological Entomology, 15, 371—383.

Dunn, R. R. (2004). Recovery of faunal communities during tropical forest regeneration.
Conservation Biology, 18, 302— 309.

Duval, S., & Tweedie, R. (2000). Trim and fill: A simple funnel-plot-based method of testing
and adjusting for publication bias in meta-analysis. Biometrics, 56, 455— 463.

Edwards, F. A., Edwards, D. P., Larsen, T. H., Hsu, W. W., Benedick, S., Chung, A., Vun
Khen, C., Wilcove, D. S., & Hamer, K. C. (2014). Does logging and forest conversion to oil
palm agriculture alter functional diversity in a biodiversity hotspot? Animal Conservation, 17,
163—173.

Edwards, F. A., Finan, J., Graham, L. K., Larsen, T. H., Wilcove, D. S., Hsu, W. W., Chey,
V. K., & Hamer, K. C. (2017). The impact of logging roads on dung beetle assemblages in a
tropical rainforest reserve. Biological Conservation, 205, 85— 92.

Escobar, F., & Chacon de Ulloa, P. (2000). Distribucion espacial y temporal en un gradiente
de sucesion de la fauna de coledpteros coprofagos (Scarabaeinae, Aphodiinae) en un bosque
tropical montano, Narifio-Colombia. Revista de Biologia Tropical, 48, 961— 975.

Estrada, A., & Coates-Estrada, R. (2002). Dung beetles in continuos forest, forest fragments
and in an agricultural mosaic habitat island at Los Tuxtlas, Mexico. Biodiversity and
Conservation, 11, 1903— 1918.

Fahrig, L. (2003). Effects of habitat fragmentation on biodiversity. Annual Review of
Ecology, Evolution, and Systematics, 34, 487— 515.

FAO. (2020). Global Forest Resources Assessment 2020—Key findings. Food and
Agriculture Organization of the United Nations.

Feer, F., & Boissier, O. (2015). Variations in dung beetle assemblages across a gradient of
hunting in a tropical forest. Ecological Indicators, 57, 164— 170.

Filgueiras, B. K. C., Tabarelli, M., Leal, I. R., Vaz-de-Mello, F. Z., & lannuzzi, L. (2015).
Dung beetle persistence in human-modified landscapes: Combining indicator species with
anthopogenic land use and fragmentation-related effects. Ecological Indicators, 55, 65— 73.

Foley, J. A., DeFries, R., Asner, G. P., Barford, C., Bonan, G., Carpenter, S. R., Chapin, F.
S., Coe, M. T., Daily, G. C., Gibbs, H. K., Helkowski, J. H., Holloway, T., Howard, E. A.,
Kucharik, C. J., Monfreda, C., Patz, J. A., Prentice, I. C., Ramankutty, N., & Snyder, P. K.
(2005). Global consequences of land use. Science, 309, 570— 574.

Fontarbel, F. E., Candia, A. B., Malebran, J., Salazar, D. A., Gonzalez-Browne, C., & Medel,

R. (2015). Meta-analysis of anthropogenic habitat disturbance effects on animal-mediated
seed dispersal. Global Change Biology, 21, 3951 3960.

18



Franga, 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.

Frank, K., Hiilsmann, M., Assmann, T., Schmitt, T., & Bliithgen, N. (2017). Land use affects
dung beetle communities and their ecosystem service in forests and grasslands. Agriculture,
Ecosystems and Environment, 243, 114—122.

Fritz, S. A., Bininda-Emonds, O. R., & Purvis, A. (2009). Geographical variation in
predictors of mammalian extinction risk: Big is bad, but only in the tropics. Ecology Letters,
12, 538— 549.

Fuzessy, L. F., Benitez-Lopez, A., Slade, E. M., Bufalo, F. S., Magro-de-Souza, G. C.,
Pereira, L. A., & Culot, L. (2021). Identifying the anthropogenic drivers of declines in
tropical dung beetle communities and functions. Biological Conservation, 256, 109063.

Gardner, T. A., Hernandez, M. 1., Barlow, J., & Peres, C. A. (2008). Understanding the
biodiversity consequences of habitat change: The value of secondary and plantation forests
for neotropical dung beetles. Journal of Applied Ecology, 45, 883— 893.

Gibson, L., Lee, T. M., Koh, L. P., Brook, B. W., Gardner, T. A., Barlow, J., & Sodhi, N. S.
(2011). Primary forests are irreplaceable for sustaining tropical biodiversity. Nature, 478,
378-383.

Gries, R., Louzada, J., Almeida, S., Macedo, R., & Barlow, J. (2012). Evaluating the impacts
and conservation value of exotic and native tree afforestation in Cerrado grasslands using
dung beetles. Insect Conservation and Diversity, 5, 175— 185.

Gurevitch, J., Curtis, P. S., & Jones, M. H. (2001). Meta-analysis in ecology. Advances in
Ecological Research, 32, 199— 247.

Halffter, G. (1991). Historical and ecological factors determining the geographical
distribution of beetles (Coleoptera: Scarabaeidae: Scarabaeinae). Biogeographia—The Journal

of Integrative Biogeography, 15, 11— 40.

Halffter, G., & Edmonds, W. D. (1982). The nesting behavior of dung beetles (Scarabaeinae)
an ecological and evolutive approach. Instituto de Ecologia.

Halffter, G., & Matthews, E. G. (1966). The natural history of dung beetles of the subfamily
Scarabaeinae. Folia Entomologica Mexicana, 12—14, 1- 312.

Hanski, 1., & Cambefort, Y. (1991). Dung beetle ecology. Princeton University Press.
Hedges, L. V., & Olkin, L. (1985). Statistical methods for meta-analysis. Academic Press.

Higgins, J. P. T., Thompson, S. G., Deeks, J. J., & Altman, D. G. (2003). Measuring
inconsistency in meta-analyses. British Medical Journal, 327, 557— 560.

19



Hooper, D. U., Adair, E. C., Cardinale, B. J., Byrnes, J. E., Hungate, B. A., Matulich, K. L.,
Gonzalez, A., Dufty, J. E., Gamfeldt, L., & O'Connor, M. 1. (2012). A global synthesis
reveals biodiversity loss as a major driver of ecosystem change. Nature, 486, 105— 108.

Horgan, F. G. (2005). Effects of deforestation on diversity, biomass and function of dung
beetles on the eastern slopes of the Peruvian Andes. Forest Ecology and Management, 216,
117-133.

Hozo, S. P., Djulbegovic, B., & Hozo, I. (2005). Estimating the mean and variance from the
median, range, and the size of a sample. BMC Medical Research Methodology, 5, 13— 23.

Keenan, R. J., Reams, G. A., Achard, F., de Freitas, J. V., Grainger, A., & Lindquist, E.
(2015). Dynamics of global forest area: Results from the FAO Global Forest Resources
Assessment 2015. Forest Ecology and Management, 352, 9— 20.

Konstantopoulos, S., & Hedges, L.V. (2010). Analyzing effect sizes: Fixed-effects models.
In: H. Cooper, L.V. Hedges y J.C. Valentine (Eds.), The handbook of research synthesis and
meta-analysis ( 2nd ed., pp. 279— 293). Russell Sage Foundation.

Lamb, D., Erskine, P. D., & Parrotta, J. A. (2005). Restoration of degraded tropical forest
landscapes. Science, 310, 1628— 1632.

Larsen, T. H., Williams, N. M., & Kremen, C. (2005). Extinction order and altered
community structure rapidly disrupt ecosystem functioning. Ecology Letters, 8, 538— 547.

Lopez-Bedoya, P. A., Bohada-Murillo, M., Angel—Vallejo, M. C., Audino, L. D., Davis, A. L.
V., Gurr, G., & Noriega, J. A. (2022). Data from: Primary forest loss and degradation reduces
biodiversity and ecosystem functioning: A global meta-analysis using dung beetles as an
indicator taxon. Dryad Digital Repository, https://doi.org/10.5061/dryad.4tmpg4fcO

Lopez-Bedoya, P. A., Magura, T., Edwards, F. A., Edwards, D. P., Rey-Benayas, J. M.,
Lovei, G. L., & Noriega, J. A. (2021). What level of native beetle diversity can be supported
by forestry plantations? A global synthesis. Insect Conservation and Diversity, 14(6), 736—
747. https://doi.org/10.1111/icad.12518

Manning, P., Slade, E. M., Beynon, S. A., & Lewis, O. T. (2016). Functionally rich dung
beetle assemblages are required to provide multiple ecosystem services. Agriculture,
Ecosystems and Environment, 218, 87— 94.

Masiero, M., Secco, L., Pettenella, D., & Brotto, L. (2015). Standards and guidelines for
forest plantation management: A global comparative study. Forest Policy and Economics, 53,
29— 44.

McNeely, J. A., & Scherr, S. J. (2003). Ecoagriculture: Strategies to feed the world and save
wild biodiversity. Island Press.

Menéndez, R., Webb, P., & Orwin, K. H. (2016). Complementarity of dung beetle species

with different functional behaviours influence dung-soil carbon cycling. Soil Biology &
Biochemistry, 92, 142— 148.

20



Mengersen, K., Jennions, M. D., & Schmid, C. (2013). Statistical models for the meta-
analysis of non-independent data. In J. Koricheva, J. Gurevitch, & K. Mengersen (Eds.),
Handbook of meta-analysis in ecology and evolution (pp. 255— 264). Princeton University
Press.

Milotic, T., Baltzinger, C., Eichberg, C., Eycott, A. E., Heurich, M., Miiller, J., Noriega, J.
A., Menendez, R., Stadler, J., Adam, R., Bargmann, T., Bilger, I., Buse, J., Calatayud, J.,
Ciubuc, C., Boros, G., Jay-Robert, P., Kruus, M., Merivee, E., ... Hoffmann, M. (2018).
Functionally richer communities improve ecosystem functioning: Dung removal and
secondary seed dispersal by dung beetles in the Western Palearctic. Journal of Biogeography,
46, 70— 82.

Mittermeier, R. A., Gil, P. R., Hoffmann, M., Pilgrim, J. T., Brooks, C. M., Lamoreux, J., &
Da Fonseca, G. A. B. (2004). Hotspots revisted: Earth's biologically wealthiest and most
threatened ecosystems (pp. 99— 103). CEMEX.

Moher, D., Liberati, A., Tetzlaff, J., & Altman, D. G. (2009). Preferred reporting items for
systematic reviews and meta-analyses: The PRISMA statement. PLoS Medicine, 6,
€1000097.

Myers, N., Mittermeier, R. A., Mittermeier, C. G., Da Fonseca, G. A., & Kent, J. (2000).
Biodiversity hotspots for conservation priorities. Nature, 403, 853— 858.

Nakagawa, S., Noble, D. W., Senior, A. M., & Lagisz, M. (2017). Meta-evaluation of meta-
analysis: Ten appraisal questions for biologists. Biomedical Central Biology, 15, 1- 14.

Neita, J. C., & Escobar, F. (2012). The potential value of agroforestry to dung beetle diversity
in the wet tropical forests of the Pacific lowlands of Colombia. Agroforestry Systems, 85,
121-131.

Newbold, T., Hudson, L. N., Hill, S. L. L., Contu, S., Lysenko, 1., Senior, R. A., Borger, L.,
Bennett, D. J., Choimes, A., Collen, B., Day, J., De Palma, A., Diaz, A., Echeverria-
Londofio, S., Edgar, M. J., Feldman, A., Garon, M., Harrison, M. L. K., Alhusseini, T., ...
Purvis, A. (2015). Global effects of land use on local terrestrial biodiversity. Nature, 520, 45—
50.

Nichols, E., Gardner, T. A., Peres, C. A., Spector, S., & Network, T. S. R. (2009). Co-
declining mammals and dung beetles: An impending ecological cascade. Oikos, 118, 481—
487.

Nichols, E., Larsen, T., Spector, S., Davis, A. L., Escobar, F., Favila, M., Vulinec, K., &
Network, T. S. R. (2007). Global dung beetle response to tropical forest modification and
fragmentation: A quantitative literature review and meta-analysis. Biological Conservation,
137, 1-19.

Nichols, E., Spector, S., Louzada, J., Larsen, T., Amezquita, S., Favila, M. E., & Network, T.

S. R. (2008). Ecological functions and ecosystem services provided by Scarabaeinae dung
beetles. Biological Conservation, 141, 1461— 1474.

21



Nichols, E., Uriarte, M., Bunker, D. E., Favila, M. E., Slade, E. M., Vulinec, K., Larsen, T.,
Vaz-de-Mello, F. Z., Louzada, J., Naeem, S., & Spector, S. H. (2013). Trait-dependent
response of dung beetle populations to tropical forest conversion at local and regional scales.
Ecology, 94, 180— 189.

Noriega, J. A., March-Salas, M., Castillo, S., Garcia-Q, H., Hortal, J., & Santos, A. M. C.
(2021). Human perturbations reduce dung beetle diversity and dung removal ecosystem
function. Biotropica, 53, 753— 766.

Nyamukondiwa, C., Chidawanyika, F., Machekano, H., Mutamiswa, R., Sands, B.,
Mgidiswa, N., & Wall, R. (2018). Climate variability differentially impacts thermal fitness
traits in three coprophagic beetle species. PLoS ONE, 13, e0198610.

Osberg, D. C., Doube, B. M., & Hanrahan, S. A. (1994). Habitat specificity in African dung
beetles: The effect of soil type on the survival of dung beetle immatures (Coleoptera
Scarabaeidae). Tropical Zoology, 7, 1- 10.

Otavo, S. E., Parrado-Rosselli, A., & Noriega, J. A. (2013). Superfamilia Scarabaecoidea
(Insecta: Coleoptera) como elemento bioindicador de perturbacion antropogénica en un
parque nacional amazdnico. Revista de Biologia Tropical, 61, 735—752.

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.

Payn, T., Carnus, J. M., Freer-Smith, P., Kimberley, M., Kollert, W., Liu, S., Orazio, C.,
Rodriguez, L., Neves, L., & Wingfield, M. J. (2015). Changes in planted forests and future
global implications. Forest Ecology and Management, 352, 57— 67.

Piccini, 1., Caprio, E., Palestrini, C., & Rolando, A. (2019). Ecosystem functioning in relation
to species identity, density, and biomass in two tunneller dung beetles. Ecological
Entomology, 45(2), 311- 320. https://doi.org/10.1111/een.12802

Poorter, L., Bongers, F., Aide, T. M., Zambrano, A. M. A., Balvanera, P., Becknell, J. M.,
Boukili, V., Brancalion, P. H. S., Broadbent, E. N., Chazdon, R. L., Craven, D., de Almeida-
Cortez, J. S., Cabral, G. A. L., de Jong, B. H. J., Denslow, J. S., Dent, D. H., DeWalt, S. J.,
Dupuy, J. M., Duran, S. M., ... Rozendaal, D. M. A. (2016). Biomass resilience of
neotropical secondary forests. Nature, 530, 211-214.

Poudyal, B. H., Maraseni, T., & Cockfield, G. (2018). Evolutionary dynamics of selective
logging in the tropics: A systematic review of impact studies and their effectiveness in
sustainable forest management. Forest Ecology and Management, 430, 166— 175.

Putz, F. E., & Redford, K. H. (2010). The importance of defining ‘forest’: Tropical forest
degradation, deforestation, long-term phase shifts, and further transitions. Biotropica, 42, 10—
20.

Raine, E. H., & Slade, E. M. (2019). Dung beetle—-mammal associations: Methods, research

trends and future directions. Proceedings of the Royal Society B: Biological Sciences, 286,
20182002.

22



Sala, O. E., Chapin, F. S., Armesto, J. J., Berlow, E., Bloomfield, J., Dirzo, R., & Leemans,
R. (2000). Global biodiversity scenarios for the year 2100. Science, 287, 1770— 1774.

Salomao, R. P., Favila, M. E., Gonzélez-Tokman, D., & Chamorro-Florescano, I. A. (2019).
Contest dynamics for food and reproductive resources are defined by health condition in a
dung beetle. Ethology, 125, 343— 350.

Scholtz, C. H., Davis, A. L. V., & Kryger, U. (2009). Evolutionary biology and conservation
of dung beetles. Pensoft.

Senior, R. A., Hill, J. K., Gonzélez del Pliego, P., Goode, L. K., & Edwards, D. P. (2017). A
pantropical analysis of the impacts of forest degradation and conversion on local temperature.
Ecology and Evolution, 7, 7897— 7908.

Shahabuddin, G. (2010). Diversity and community structure of dung beetles (Coleoptera:
Scarabaeidae) across a habitat disturbance gradient in Lore Lindu National Park, Central
Sulawesi. Biodiversitas Journal of Biological Diversity, 11, 29— 33.

Shahabuddin, G., Schulze, C., & Tscharntke, T. (2005). Changes of dung beetle communities
from rainforests towards agroforestry systems and annual cultures in Sulawesi (Indonesia).
Biodiversity and Conservation, 14, 863— 877.

Sheldon, K. S., Yang, S., & Tewksbury, J. J. (2011). Climate change and community
disassembly: Impacts of warming on tropical and temperate montane community structure.
Ecology Letters, 14, 1191- 1200.

Slade, E. M., Bagchi, R., Keller, N., & Philipson, C. D. (2019). When do more species
maximize more ecosystem services? Trends in Plant Science, 24, 790— 793.

Slade, E. M., Mann, D. J., & Lewis, O. T. (2011). Biodiversity and ecosystem function of
tropical forest dung beetles under contrasting logging regimes. Biological Conservation, 144,
166— 174.

Slade, E. M., Mann, D. J., Villanueva, J. F., & Lewis, O. T. (2007). Experimental evidence
for the effects of dung beetle functional group richness and composition on ecosystem
function in a tropical forest. Journal of Animal Ecology, 76, 1094— 1104.

Slade, E. M., Riutta, T., Roslin, T., & Tuomisto, H. L. (2016). The role of dung beetles in
reducing greenhouse gas emissions from cattle farming. Scientific Reports, 6, 18140.

Sowig, P. (1995). Habitat selection and offspring survival rate in three paracoprid dung
beetles—The influence of soil type and soil moisture. Ecography, 18, 147— 154.

Spector, S. (2006). Scarabaeinae dung beetles (Coleoptera: Scarabaeidae: Scarabaeinae): An
invertebrate focal taxon for biodiversity research and conservation. The Coleopterists
Bulletin, 60, 71— 83.

Stephens, S. S., & Wagner, M. R. (2007). Forest plantations and biodiversity: A fresh
perspective. Journal of Forestry, 105, 307— 313.

23



Thompson, S. G., & Higgins, J. P. (2002). How should meta-regression analyses be
undertaken and interpreted? Statistics in Medicine, 21, 1559— 1573.

Ueda, A., Dwibadra, D., Noerdjito, W. A., Kon, M., Ochi, T., Takahashi, M., & Fukuyama,
K. (2015). Effect of habitat transformation from grassland to Acacia mangium plantation on
dung beetle assemblage in East Kalimantan, Indonesia. Journal of Insect Conservation, 19,

765— 780.

Wagner, D. L., Grames, E. M., Forister, M. L., Berenbaum, M. R., & Stopak, D. (2021).
Insect decline in the Anthropocene: Death by a thousand cuts. Proceedings of the National
Academy of Sciences, 118, €2023989118.

Wan, X., Wang, W, Liu, J., & Tong, T. (2014). Estimating the sample mean and standard
deviation from the sample size, median, range and/or interquartile range. BMC Medical
Research Methodology, 14, 135— 149.

Wilcove, D. S., Giam, X., Edwards, D. P., Fisher, B., & Koh, L. P. (2013). Navjot's

nightmare revisited: Logging, agriculture, and biodiversity in Southeast Asia. Trends in
Ecology & Evolution, 28, 531— 540.

24



