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1 | INTRODUCTION

Dung beetles (Coleoptera: Scarabaeidae) are among the most
recognizable of the dung fauna. Dung beetles occur globally (Frank
et al, 2018) and contribute to important ecosystem functions
(Thomas, 2001) but are facing multiple threats (Tocco et al., 2021).
Despite their importance, very little attention has been paid to the
restoration of these charismatic insects where they have been lost.

Dung beetles can be classified into functional groups by how
they utilize dung for breeding and feeding. These functional groups
are endocoprids (dwellers), paracoprids (tunnelers), and telecoprids
(rollers) (Halffter & Edmonds, 1982; Hanski & Cambefort, 2014).

chemicals and habitat degradation. However, there is limited information on the
restoration of dung beetles in areas where they have been lost.

3. The restoration framework utilized in this review considers three primary facets:
environmental conditions, which encompass crucial abiotic features; biotic char-
acteristics, which involve all other species; and focal species, which denote all na-
tive functional groups of species that require reintroduction or re-establishment.

4. This review aims to examine the ecosystem services provided by dung beetles,
highlight the threats they face and conceptualize a restoration framework for

these crucial organisms.

dung beetles, ecosystem functions, restoration

Each of these functional groups is comprised of multiple spe-
cies. Dwellers use dung as their primary habitat and for breeding
(Figure 1). Tunnelers live in soil under dung and transfer small quan-
tities of dung into the soil for breeding. Rollers move balls of dung
a distance away from the original deposition site and bury them in
the soil for feeding and breeding. These functional groups accelerate
decomposition by creating pores or channels throughout the dung
and increasing fungal and bacterial decomposition (Doube, 1990;
Figure 1).

Dung beetles are ubiquitous in many ecosystems and environ-
mental factors such as soil texture, temperature, cover and land

use affect the abundance and activity of dung beetles. Dung beetle
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FIGURE 1 Different functional groups of dung beetles including tunnelers (live in the soil under the dung pats and use the dung for
brooding), dwellers (use the dung for living and nesting) and rollers (live in the soil and use the dung for brooding) and their effects on
different ecosystem services such as improving chemical and physical properties of soil, altering microbial community, promoting plant

growth and reproduction and reducing greenhouse gas emissions.

abundance and activity are higher in sandy soils (von Hoermann
et al., 2020); in warmer temperatures (Gotcha et al., 2021), and at
lower latitudes (Hortal et al., 2011). Moreover, smaller dung beetles
are more abundant in grasslands compared with forests (Korasaki
et al., 2013). Grazing by cattle positively affects the abundance of
dung beetles and species richness (Wagner et al., 2021).

Dung beetles are currently facing numerous threats, and their
potential loss will have significant impacts on ecosystem function
(Beynon et al., 2012), thereby reducing ecosystem sustainability
(Nervo et al., 2017). Due to their significance, it is crucial to incorpo-

rate dung beetles into restoration planning (Buse & Entling, 2020).

2 | ECOSYSTEM SERVICES PROVIDED BY
DUNG BEETLES

Dung beetles play a significant role in many functions and com-
ponents of ecosystems (Jones et al., 2018) from soil (Beynon
et al.,, 2015; Evans et al., 2019), to biological pests including path-
ogens and parasites (Miloti¢ et al., 2017), and plant communities
(Griffiths et al., 2015). The effectiveness and efficiency of dung bee-
tles in providing ecosystem functions is linked to their diversity and
abundance (Davies et al., 2020). Maintaining high species richness
is crucial for sustaining ecosystem functions (Reich et al., 2001).
Cumulatively, the ecosystem services provided by dung beetles
have considerable economic value estimated annually at $5.9 bil-
lion (2005 US dollars) in the United States (Losey & Vaughan, 2006)
and $425.9 million (2014 US dollars) in the United Kingdom (Beynon
et al., 2015).

Dung beetles play a significant role in soil dynamics, impacting
nutrient cycling and greenhouse gas fluxes. They accelerate the

decomposition of dung pats (Davies et al., 2020; Ortega-Martinez
et al., 2020) and transport nutrients from pats into soil (Menéndez
et al,, 2016). For example, dwellers increase organic matter and
phosphorus concentrations at the soil surface by 50%, rollers in-
crease NH4’r in deep soils by 60%, and tunnelers increase organic
matter, total nitrogen and phosphorus throughout the soil profile by
50% in a semiarid pasture (Maldonado et al., 2019). Through their
activities, dung beetles can reduce the emission of CO, by 7%, N,O
by 2%, and CH, by 14.5% from dung pats during the grazing season
(lwasa et al., 2015; Piccini et al., 2017; Slade et al., 2016) which can
scale up to substantial pasture-level impacts (Slade et al., 2016).

Dung beetle activity leads to a substantial reduction in pests
affecting livestock and wildlife, including approximately 70% of
flies (Ix-Balam et al., 2018), 60%-90% of nematodes (Bryan, 1976;
English, 1979; Fincher, 1975) and protozoa (Nichols et al., 2008)
through the reduction of dung on the landscape. Dung beetles re-
duce these pests during feeding activities that incidentally ingest
pest eggs and larvae present in dung (Holter & Scholtz, 2007).
Furthermore, rollers bury dung balls and pest larvae emerging
from the ball cannot return to the surface following hatch (Gregory
etal., 2015).

Water infiltration is improved through biopedturbation by
dung beetles (Brown et al., 2010). Biopedturbation by dung bee-
tles arises from their tunneling and digging activities (Hanski &
Cambefort, 2014). These actions decrease the bulk density of soil
(Nichols et al., 2008), enhance soil porosity that increases infiltration
by up to 300% (Keller et al., 2022), and reduce surface water runoff.
Tunnels act as channels allowing water to move directly into deeper
layers of the soil profile (Manning et al., 2016). Moving water into
deeper layers of soil can increase soil moisture by 20% at 0%-30cm
depth (Brown et al., 2010). The enhanced threefold increase in water
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infiltration rates into soils and improved hydrological functioning
through the action of dung beetles influence nutrient cycling and
plant productivity (Keller et al., 2022).

Plant growth can also be affected by dung beetle activity
through several mechanisms including changes to water and soil
nutrients and through seed dispersal and germination. Plants have
been observed to respond to dung beetle-driven changes to soil
(Santos-Heredia et al., 2016; Yoshihara & Sato, 2015) as evidenced
by anincrease in leaf tissue N and C content (Johnson et al., 2016).
Plants respond to higher moisture in soils due to dung beetle ac-
tivity through increases in plant growth (280%), leaf emergence
(30%) and plant height (200%) under drought conditions in humid
subtropical native pasture (Johnson et al., 2016). Moreover, dung
beetles have a secondary role in vertical and horizontal seed dis-
persal of many plant species (Santos-Heredia et al., 2011) which
reduces spatial clumping of seeds (Urrea-Galeano et al., 2019) and
allows endozoochoric seeds access to a wider variety of safe sites
for germination. Furthermore, dung beetles can enhance the ger-
mination of seeds inside dung pats by accelerating the decompo-
sition rate of dung that acts as physical barrier for germination
(Ishikawa, 2011).

3 | THREATS TO DUNG BEETLES

There are several major threats to dung beetles including climate
change (changing temperature and precipitation as well as in-
creasing CO,), habitat fragmentation and anthropogenic chemical
use. Understanding these threats may help improve restoration
outcomes.

Climate change can negatively impact dung beetle species rich-
ness and abundance (Maldaner et al., 2021) by altering temperature
(Sheldon et al., 2020), precipitation (Liberal et al., 2011), biogeo-
chemical cycles (Seddon et al., 2016) and phenology (Forrest, 2016).
Dung beetles may respond to increasing temperatures with in-
creased feeding rates (Sheldon et al., 2020) and shrinking body size
and overall metabolism to conserve energy (Fleming et al., 2021).
These physiological changes can impact dung beetles' abundance
by decreasing their reproduction. For instance, within a tempera-
ture range of 22-30°C, with a diurnal increase of 2°C and 4°C, the
number of broods decreases by 36% and 30%, while dung burial de-
creases by 25% and 30%, respectively (Holley & Andrew, 2020). The
response of the dung beetle community to climate change can also
depend on latitude. In northern areas, rising temperatures enhance
dung removal and seed dispersal rates by dung beetles (Miloti¢
et al., 2019). But in southern latitudes increasing variability in precip-
itation may result in lower species richness, abundance and biomass
of dung beetles (Franca et al., 2020).

Increased CO, levels above 600 ppm directly impact dung bee-
tles by increasing mortality rates, decreasing adult size and impair-
ing larval development and survival. Additionally, elevated CO,
levels within dung brood balls decreased larval performance (Tocco
et al., 2021). Indirectly, increasing CO, levels can lead to an increase
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in nonstructural carbohydrates and a decrease in N and P in plants
(Loranger et al., 2004; Poorter et al., 1997) that negatively impacts
the quality of dung pats and dung beetle abundance (Gittings &
Giller, 1998). Moreover, rising CO, levels contribute to woody en-
croachment, which decreases the quality of both food and habitat
for dung beetles. In the early stages, when shrub cover is less than
10% of the area, shrubs can enhance habitat quality for beetles.
However, if encroachment exceeds 10% of shrub cover, it decreases
beetle diversity (Hering et al., 2019).

Dung beetles are able, to some extent, to respond to changing
climate. For example, dung beetles have the potential to adjust to
climate change through their seasonal activity and responses to
disturbances (Cuesta et al., 2021; Menéndez & Gutiérrez, 2004).
For instance, dung beetle phenology can shift towards earlier sea-
sonal activity or prolonged activity periods, which can help to com-
pensate for adverse changes in their environment (Forrest, 2016).
Furthermore, dung beetle ranges may shift northward in response to
climate change, and this could lead to an increase in species richness
at higher latitudes (Dortel et al., 2013).

Anthropogenic activities such as fragmentation and chemical
use have adverse effects on dung beetles' abundance and richness
(Lumaret et al., 2022; Martello et al., 2016). In many areas of the
world, habitats are becoming increasingly fragmented (Fahrig, 2003),
and when fragmentation leads to habitats becoming isolated dung
beetles can be impacted (Mbora & Mutua, 2023). The isolation
may result in a failure to sustain large mammal populations (Larsen
et al., 2008), potentially leading to a decrease in dung beetle rich-
ness, density and biomass (Storck-Tonon et al., 2020). Dung beetles
have high dispersal potential and can fly up to 16 km (Thomas, 2001).
Thus, fragmentation may be a more serious issue for populations
that are more than 16 km apart.

Anthropogenic land-use changes impact dung beetle popula-
tions differently based on the disturbance type, extent and species
characteristics (Raine & Slade, 2019). Cattle grazing and high wild-
life populations benefit abundance and richness of dung beetles
(Andresen & Laurance, 2007; Correa et al., 2020). Conversely, re-
moval of wildlife and cattle reduces beetle abundance, community
diversity and richness (Fuzessy et al., 2021). In forested areas, di-
versity of dung beetles is typically lower in logged forests compared
with primary forests, and the abundance of dung beetles decreases
with canopy openness (Beiroz et al., 2019; Davis et al., 2001). In gen-
eral, extensive disturbances tend to have negative effects on all di-
mensions of dung beetle diversity, although certain aspects, such as
functional and phylogenetic richness, may be more strongly affected
(Rivera et al., 2023).

Anthropogenic chemicals negatively affect dung beetles.
Residual parasiticide products in dung decrease the abundance and
diversity of dung-associated insects (Pérez-Cogollo et al., 2015)
and lead to high adult and larval mortality, low female fertility and
a reduction in body size (Lumaret et al., 2022). One common para-
siticide, ivermectin, impairs the olfactory and locomotor capacities
of dung beetles (Verdu et al., 2015) and affects dung beetle colo-
nization, emigration and biomass (Verdu et al., 2018). In a western
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South Dakota rangeland, experimental addition of ivermectin to cat-
tle dung resulted in high mortality of beetles colonizing dung pats
(Torabian, unpublished data). The negative impacts of chemicals on
dung beetles can lead to losses of ecosystem functions they provide
(Kavanaugh & Manning, 2020).

4 | RESTORATION TRIANGLE FOR DUNG
BEETLES

A global decline in dung beetles, particularly in the past 30years,
has been documented highlighting the importance of dung beetle
restoration (Lumaret et al., 2022; Nichols et al., 2007). A key first
step in restoration planning is to identify high-priority habitats and
species (Gann et al., 2019). Dung beetle species richness, diversity,
and ecological function can serve as important criteria for site selec-
tion. Areas with low dung beetle species richness or impaired eco-
logical functions (such as poor dung decomposition and field fouling)
are prime candidates for restoration efforts (Sarmiento-Garces &
Hernandez, 2021).

To conceptualize dung beetle restoration, we propose a resto-
ration triangle framework encompassing environmental conditions,
biotic characteristics and focal restoration species (Figure 2: Perkins
& Leffler, 2018). Environmental conditions are physical properties
of the site that can influence restoration, like soil structure and
moisture. Biotic characteristics involve other organisms present at
a site, which can aid or impede restoration, including plants, insects
and herbivores. Additionally, restoration planning should account
for the requirements and traits of focal restoration species (dung
beetles), such as seasonal activity and dispersal abilities (Perkins &
Leffler, 2018). Whereas the triangle describes the conditions and
characteristics of the site, external influences arising from outside
the restoration site such as fragmentation and disturbance can also
influence restoration success (Perkins et al., 2011). Understanding
these factors is crucial for successful restoration.

Restoration of dung
beetles

4.1 | Environmental conditions

The environmental conditions of a degraded site play a crucial role
in dung beetle restoration (Pessda et al., 2021). As dung beetles are,
in some life stages, soil organisms, the soil abiotic environment is
critical (Beiroz et al., 2019). Soil characteristics have an influence
on dung beetle abundance (Almeida et al., 2022) owing to their im-
pact on habitat and food sources (Farias & Hernandez, 2017). For
instance, an increase in soil compaction results in higher penetra-
tion resistance, and a rise in penetration resistance from 2000 to
5000kpa can lead to approximately a 15% reduction in brood ball
depth, alongside increased energy consumption by the beetles
(Dabrowski et al., 2019). Restoring soil quality may require phyto-
or mechanical-remediation (Farrell et al., 2020). Well-drained soil
increases dung beetle survival, therefore enhancing soil drainage is a
suitable approach (Heneghan et al., 2008; Lal, 2020).

Anthropogenic chemicals, particularly those used to control pest
insects, can hinder restoration success due to their broad efficacy
and off-target effects (Sanchez-Bayo, 2021). Monitoring and con-
trolling chemicals (Verdu et al., 2018) and minimizing the need for
pesticides (Jacobs & Scholtz, 2015) can reduce their impact on non-
target species such as dung beetles. Implementing integrated pest
management principles, which recommend limited pesticide use and
a range of methods to mitigate harm to insects (Stenberg, 2017), is
suggested for landscapes where complete pesticide elimination is
not feasible due to economic constraints or stakeholder interests. If
the landscape is grazed by livestock, minimizing the use of parasiti-
cides such as ivermectin is especially important as these compounds
affect dung beetles (Sands & Wall, 2018; Tovar et al., 2023).

4.2 | Biotic characteristics

The presence of other organisms at the restoration site has a signifi-
cant influence on dung beetle restoration. Primarily for dung beetle

Environmental conditions:

Temperature, absence of chemicals, soil

FIGURE 2 Restoration triangle with
three principal factors involved in the
restoration of dung beetles (adapted from
Perkins & Leffler, 2018).
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restoration, attention should be paid to mammals. Mammals, as the
providers of dung, directly influence dung beetle abundance and in-
directly benefit dung beetles by improving habitats and food sources
for herbivores.

Re-establishment of native mammals is one effective ap-
proach to restoring native dung beetles. Mammal dung is the
primary habitat for dung beetles, and native dung beetles pre-
fer native mammal dung (Gigliotti et al., 2023). Without suffi-
cient providers of this habitat, the abundance and richness of
dung beetles will be low (Buse et al., 2021). Dung beetle species
richness is positively correlated with mammal biomass (Culot
et al., 2013), and high diversity of native mammals enhances the
resilience of dung beetle-mammal networks (Chiew et al., 2022),
leading to increased abundance, richness and diversity of dung
beetles (Amézquita & Favila, 2010; Buse et al., 2021; Nependa
et al., 2021). Additionally, the abundance of dung beetles may be
related to native burrowing mammals (Lindtner et al., 2019) due
to their effects on soil structure and interspecies facilitative or
commensal relationships.

Dung beetles also utilize livestock dung. Dung beetles
can benefit from a combination of game and cattle ranching
(Tocco et al., 2020), cattle grazing (Verdu et al.,, 2007) and re-
establishment of large native mammals like bison in grasslands
(Barber et al., 2019). In such settings, the presence of both wild
game (big herbivorous such as deer and bison) and domesticated
cattle results in a diverse range of dung sources, providing dung
beetles with a variety of food options. This diversity in dung types
can support diverse dung beetle communities, contributing to the
overall health of the ecosystem. However, it is important to con-
sider the effect of anthropogenic chemicals that may be present
in livestock dung (see discussion above). If the only dung available
has levels of chemicals that negatively impact dung beetles, live-
stock dung could be an ecological trap (Manning et al., 2017) that
hinders rather than helps restoration.

Restoration strategies such as revegetation enhance habitats
and native dung beetle abundance (Gardner et al., 2008). Although
the specific mechanisms by which native plants influence dung
beetles are not well-documented, alterations in microclimates are
one possible explanation (Gollan et al., 2011). Moreover, native
plants associated with native mammals contribute to the functional
diversity of dung beetles, potentially through the positive effects
of native plants on the quality of mammal dung (Guerra Alonso
et al., 2022).

Furthermore, reintroducing different functional groups of native
dung beetles can mitigate the negative impacts of invasive dung
beetles (Filho et al., 2018). Invasive dung beetles have adverse im-
pacts on native dung beetle populations, including reduced diversity,
decreased population size and occasional local extinctions (Génier
& Davis, 2017). The invasive dung beetles have a competitive edge
over native dung beetles with similar nesting behaviours and phe-
nology. Consequently, these invasions have altered the proportion
of different functional groups (Filho et al., 2018).
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4.3 | Focal restoration of dung beetles

Dung beetles will either naturally recolonize or will need to be
reintroduced to the restoration site. Natural recolonization de-
pends on landscape context and fragmentation (discussed above;
Collinge, 2000). Dung beetles can fly almost 16 km (Thomas, 2001)
and therefore may naturally recolonize many areas. However, in
isolated habitats assisted colonization can be considered (Rivera
et al., 2021). Reintroduction can be accomplished either by relocat-
ing dung pats containing beetles after ensuring the quality of dung
(with no pests, chemical contamination, or seeds of invasive species)
or by releasing commercially available dung beetles. Commercially
available dung beetles are intentionally bred and marketed for spe-
cific purposes. These beetles are obtained from diverse locations,
where they are collected from their natural habitats and subse-
quently reared in captivity for commercial sale. Dung beetle breed-
ing procedure entails housing the dung beetles within a spacious,
enclosed container filled with soil, and providing them with an ample
supply of manure until their population expands. Assisted recoloni-
zation has been undertaken to serve goals such as pest control in
grazing systems (Hosler et al., 2021) although care must be taken to
consider the physiological requirements of species (Giménez Gomez
et al., 2020), investigate species distribution and genetic diversity,
determine appropriate release timing and season and conduct post-
monitoring (Pokhrel et al., 2021) especially given the potentially
negative impacts of non-native dung beetles on native communities
described above.

The goal of restoration is to produce a dung beetle community
that is similar to that of a reference site. Therefore, both functional
diversity and overall dung beetle abundance should be the focus of
restoration efforts. Functional diversity improves population sta-
bility. High functional diversity can improve population stability,
enhance resilience against disturbances (Nelson et al., 2021; Slade
et al., 2011) and contribute to the diversity of ecosystem functions,
ensuring long-term maintenance of ecosystem processes despite
abiotic variation (Gagic et al., 2015). Therefore, postmonitoring and
reintroduction measures of diversity and composition are necessary
for long-term success.

Finally, in habitat restoration projects for other species (not
specifically dung beetles), the recolonization or presence of
dung beetles serves as an indicator of success (Gelviz-Gelvez
et al.,, 2023). Dung beetles can be considered an indicator spe-
cies that respond to habitat restoration and faunal recovery
even within a relatively short monitoring period (Gelviz-Gelvez
et al., 2023). For example, dung beetles have been examined in re-
sponse to vegetation restoration (Diaz-Garcia et al., 2022; Gelviz-
Gelvez et al., 2023; Gonzalez-Tokman et al., 2018). The premise of
using dung beetles as indicators of successful restoration is that
the habitat (vegetation) has been sufficiently restored to support
fauna in enough abundance to attract dung beetles. Conversely,
the same restoration that would benefit dung beetles should ben-

efit other members of the ecosystem.
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5 | EXTERNAL INFLUENCES

External influences are transient dynamics that are not inherent
in a site but can impact restoration (Perkins et al., 2011). For dung
beetle restoration, these external influences include disturbance
and fragmentation. Prior to attempting restoration, it is essential
to address stressors and mitigate severe and frequent disturbances
impacting the dung beetle community (Barbero et al., 1999; Barnes
et al., 2014). Disturbances occurring too frequently compared with
historical patterns can decrease functional evenness and dispersion
of dung beetles (Mouillot et al., 2013). For example, if fires occur
too frequently due to human intervention or climate change, it can
disrupt the dung beetle community (Blanche et al., 2001; Smith
et al., 2019). Conversely, prolonged periods without disturbance or
infrequent disturbances can also negatively affect beetle diversity
and evenness, as well as the broader dung fauna (Hosler et al., 2021).
For example, in a forest ecosystem, if logging activities cease en-
tirely, it might initially seem beneficial for the ecosystem. However,
without occasional disturbances that mimic natural events, the bee-
tle community may become dominated by a few species that are par-
ticularly well-adapted to stable conditions. This can lead to reduced
overall diversity and potentially disrupt the ecosystem's functioning
(Edwards et al., 2017). Therefore, maintaining a balance between the
frequency and intensity of disturbances is crucial for preserving the
health and diversity of the dung beetle community.

Landscape fragmentation poses a threat to dung beetles and may
limit their ability to naturally recolonize a site (Rivera et al., 2022).
Creating and restoring corridors between isolated patches (Williams
& Snyder, 2005) and establishing buffer zones (420-970m wide;
Deere et al., 2022) are effective strategies to mitigate fragmen-
tation impacts. Corridors facilitate movement through otherwise
unsuitable habitat (Christie & Knowles, 2015). Corridors also pro-
mote large-scale metapopulations, sustaining gene flow amid rapid
environmental changes (Samways et al., 2020). Although corridors
improve habitat connectivity, this connectivity may be less criti-
cal for dung beetles that can disperse considerable distance than
less mobile species. Dung beetles are able to disperse up to 16 km
(Thomas, 2001), so corridors can be envisioned as diffuse patches
of suitable habitat between existing populations and the restoration
area. Corridors might be especially useful in areas impacted or sepa-
rated by urbanization (Salomao et al., 2019).

6 | CONCLUSION

In this review, we illustrated the importance of dung beetles in eco-
system services, discussed threats to dung beetles and elucidated
a restoration framework. Dung beetles are associated with dif-
ferent ecosystem functions that provide vital services and goods
for humans, animals and plants. The decomposition process is the
primary service dung beetles provide. This service not only clears

pastures from dung but also enhances nutrient cycling. Improved

nutrient cycling boosts ecosystem productivity which is beneficial
for humans. Human activities and ecosystem changes have affected
the dung beetle community. Increasing usage of chemicals, climate
change and land-use change negatively affect dung beetles and re-
lated ecosystem functions, so it is essential to find ways to solve the
problem. The conservation and preservation of endemic dung beetle
species and native habitats are required to maintain ecosystem func-
tions. Note that conservation can protect populations and commu-
nities of dung beetles against land-use change and climate change
leading to more sustainable human activities, when conservation is
not sufficient restoration is required. To ensure effective restora-
tion practices, we must carefully consider environmental conditions,
biotic characteristics and focal restoration and focus on precise res-

toration methods.

AUTHOR CONTRIBUTIONS

Shiva Torabian conceived, designed, wrote and reviewed the pa-
pers; Shiva Torabian, A. Joshua Leffler and Lora Perkins reviewed
the manuscript; Shiva Torabian, A. Joshua Leffler and Lora Perkins
edited the manuscript. All authors contributed critically to the drafts

and gave final approval for publication.

ACKNOWLEDGEMENTS

The authors thank Dr. Shahram Torabian (Virginia State University),
Dr. Peter Pfaff (St. Mary's University of Minnesota), and Dr. Paul
Johnson (South Dakota State University) for comments that greatly

improved the manuscript.

FUNDING INFORMATION

This work is supported by Agroecosystem Management grant
SD00G653-18 award number 2018-67020-27809 project acces-
sion no. 1015131 from the USDA National Institute of Food and

Agriculture.

CONFLICT OF INTEREST STATEMENT
The authors declare that there are no conflicts of interest associated

with this manuscript.

PEER REVIEW

The peer review history for this article is available at https://www.
webofscience.com/api/gateway/wos/peer-review/10.1002/2688-
8319.12297.

DATA AVAILABILITY STATEMENT

The authors confirm that this review article does not involve the
collection, generation or analysis of original data. The information
presented herein is based on a comprehensive review of exist-
ing literature, previously published studies and publicly available
information.

ORCID

Shiva Torabian "= https://orcid.org/0000-0001-8235-8847

85UB017 SUOLULLIOD SAIERID 3ol dde 3y} Aq pauRA0B 818 S3[ e YO ‘SN J0 S3INI 104 AR1q1T 3UIIUO AB|IA UO (SUOIPUOD-PUR-SWR}WOD A8 | 1M ARR1q | U1 |UO//SHNY) SUORIPUOD PUe SWid | 8U) 835 *[7202/40/TT] U0 A%eiqi8ulluo AB|IM ‘L622T 6TE8-8892/200T OT/I0p/W00" A3 1M Alelq 1 [pulUOs feuIn0 ks :sdny woy papeo|umod ‘T ‘¥20Z ‘6188892


https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/2688-8319.12297
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/2688-8319.12297
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/2688-8319.12297
https://orcid.org/0000-0001-8235-8847
https://orcid.org/0000-0001-8235-8847

TORABIAN ET AL.

REFERENCES

Almeida, H. A., Antonini, Y., Tavares Junior, C., Braga, R. F., da Silva, P. G.,
& Beiroz, W. (2022). Dung beetles can sow: The potential of sec-
ondary seed dispersers to assist ecological restoration. Ecological
Entomology, 47(2), 181-191.

Amézquita, 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(2), 328-336.

Andresen, E., & Laurance, S. G. (2007). Possible indirect effects of mam-
mal hunting on dung beetle assemblages in Panama. Biotropica,
39(1), 141-146.

Barber, N. A., Hosler, S. C., Whiston, P., & Jones, H. P. (2019). Initial re-
sponses of dung beetle communities to bison reintroduction in
restored and remnant tallgrass prairie. Natural Areas Journal, 39(4),
420-428.

Barbero, E., Palestrini, C., & Rolando, A. (1999). Dung beetle conser-
vation: Effects of habitat and resource selection (Coleoptera:
Scarabaeoidea). Journal of Insect Conservation, 3, 75-84.

Barnes, A. D., Emberson, R. M., Chapman, H. M., Krell, F. T., & Didham,
R. K. (2014). Matrix habitat restoration alters dung beetle species
responses across tropical forest edges. Biological Conservation, 170,
28-37.

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

Beynon, S. 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(6), 1365-1372.

Beynon, S. A., Wainwright, W. A, & Christie, M. (2015). The application of
an ecosystem services framework to estimate the economic value
of dung beetles to the UK cattle industry. Ecological Entomology,
40, 124-135.

Blanche, K. R., Andersen, A. N., & Ludwig, J. A. (2001). Rainfall-contingent
detection of fire impacts: Responses of beetles to experimental fire
regimes. Ecological Applications, 11(1), 86-96.

Brown, J., Scholtz, C. H., Janeau, J. L., Grellier, S., & Podwojewski, P.
(2010). Dung beetles (Coleoptera: Scarabaeidae) can improve soil
hydrological properties. Applied Soil Ecology, 46(1), 9-16.

Bryan, R. P.(1976). The effect of the dung beetle, Onthophagus gazella, on
the ecology of the infective larvae of gastrointestinal nematodes
of cattle. Australian Journal of Agricultural Research, 27(4), 567-574.

Buse, J., & Entling, M. H. (2020). Stronger dung removal in forests com-
pared with grassland is driven by trait composition and biomass of
dung beetles. Ecological Entomology, 45(2), 223-231.

Buse, J., Hoenselaar, G., Langenbach, F., Schleicher, P., Twietmeyer, S.,
Popa, F., & Heurich, M. (2021). Dung beetle richness is positively
affected by the density of wild ungulate populations in forests.
Biodiversity and Conservation, 30(11), 3115-3131.

Chiew, L. Y., Hackett, T. D., Brodie, J. F,, Teoh, S. W., Burslem, D. F. R. P,,
Reynolds, G., Deere, N. J., Vairappan, C. S., & Slade, E. M. (2022).
Tropical forest dung beetle-mammal dung interaction networks re-
main similar across an environmental disturbance gradient. Journal
of Animal Ecology, 91(3), 604-617.

Christie, M. R, & Knowles, L. L. (2015). Habitat corridors facilitate ge-
netic resilience irrespective of species dispersal abilities or popula-
tion sizes. Evolutionary Applications, 8(5), 454-463.

Collinge, S. K. (2000). Effects of grassland fragmentation on insect
species loss, colonization, and movement patterns. Ecology, 81(8),
2211-2226.

Correa, C. M., Audino, L. D., Holdbrook, R., Braga, R. F., Menéndez, R., &
Louzada, J. (2020). Successional trajectory of dung beetle commu-
nities in a tropical grassy ecosystem after livestock grazing removal.
Biodiversity and Conservation, 29, 2311-2328.

E 7 of 10

Cuesta, E., Mingarro, M., & Lobo, J. M. (2021). Between locality vari-
ations in the seasonal patterns of dung beetles: The role of phe-
nology in mitigating global warming effects. Ecological Entomology,
46(3), 592-600.

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

Dabrowski, J., Venter, G., Truter, W. F., & Scholtz, C. H. (2019). Dung bee-
tles can tunnel into highly compacted soils from reclaimed mined
sites in eMalahleni, South Africa. Applied Soil Ecology, 134, 116-119.

Davies, R. W., Edwards, D. P., & Edwards, F. A. (2020). Secondary tropical
forests recover dung beetle functional diversity and trait composi-
tion. Animal Conservation, 23(5), 617-627.

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(3),
593-616.

Deere, N. J., Bicknell, J. E., Mitchell, S. L., Afendy, A., Baking, E. L.,
Bernard, H., ... Struebig, M. J. (2022). Riparian buffers can help miti-
gate biodiversity declines in oil palm agriculture. Frontiers in Ecology
and the Environment, 20(8), 459-466.

Diaz-Garcia, J. M., Lépez-Barrera, F., Toledo-Aceves, T., Andresen, E.,
Moreno, C. E., & Pineda, E. (2022). Functional diversity and redun-
dancy of amphibians, ants, and dung beetles in passive and active
cloud forest restoration. Ecological Engineering, 185, 106806.

Dortel, E., Thuiller, W., Lobo, J. M., Bohbot, H., Lumaret, J. P., & Jay-
Robert, P. (2013). Potential effects of climate change on the distri-
bution of Scarabaeidae dung beetles in Western Europe. Journal of
Insect Conservation, 17, 1059-1070.

Doube, B. M. (1990). A functional classification for analysis of the struc-
ture of dung beetle assemblages. Ecological Entomology, 15(4),
371-383.

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

English, A. W. (1979). The effects of dung beetles (Coleoptera-
Scarabaeinae) on the free-living stages of strongylid nematodes of
the horse. Australian Veterinary Journal, 55(7), 315-321.

Evans, K. S., Mamo, M., Wingeyer, A., Schacht, W. H., Eskridge, K. M.,
Bradshaw, J., & Ginting, D. (2019). Soil fauna accelerate dung pat
decomposition and nutrient cycling into grassland soil. Rangeland
Ecology & Management, 72(4), 667-677.

Fahrig, L. (2003). Effects of habitat fragmentation on biodiversity. Annual
Review of Ecology, Evolution, and Systematics, 34(1), 487-515.

Farias, P. M. D., & Hernandez, M. |. M. (2017). Dung beetles associated
with agroecosystems of southern Brazil: Relationship with soil
properties. Revista Brasileira de Ciéncia do Solo, 41, e01600248.

Farrell, H. L., Léger, A., Breed, M. F., & Gornish, E. S. (2020). Restoration,
soil organisms, and soil processes: Emerging approaches.
Restoration Ecology, 28, S307-S310.

Filho, W. M., Flechtmann, C. A., Godoy, W. A., & Bjornstad, O. N.
(2018). The impact of the introduced Digitonthophagus gazella on
a native dung beetle community in Brazil during 26 years. Biological
Invasions, 20, 963-979.

Fincher, G. T. (1975). Effects of dung beetle activity on the number of
nematode parasites acquired by grazing cattle. The Journal of
Parasitology, 61, 759-762.

Fleming, J. M., Carter, A. W., & Sheldon, K. S. (2021). Dung beetles
show metabolic plasticity as pupae and smaller adult body size in
response to increased temperature mean and variance. Journal of
Insect Physiology, 131, 104215.

Forrest, J. R. (2016). Complex responses of insect phenology to climate
change. Current Opinion in Insect Science, 17, 49-54.

85UB017 SUOLULLIOD SAIERID 3ol dde 3y} Aq pauRA0B 818 S3[ e YO ‘SN J0 S3INI 104 AR1q1T 3UIIUO AB|IA UO (SUOIPUOD-PUR-SWR}WOD A8 | 1M ARR1q | U1 |UO//SHNY) SUORIPUOD PUe SWid | 8U) 835 *[7202/40/TT] U0 A%eiqi8ulluo AB|IM ‘L622T 6TE8-8892/200T OT/I0p/W00" A3 1M Alelq 1 [pulUOs feuIn0 ks :sdny woy papeo|umod ‘T ‘¥20Z ‘6188892



TORABIAN ET AL.

8 of 10 E

Franca, F. M., Ferreira, J., Vaz-de-Mello, F. Z., Maia, L. F., Berenguer, E.,
Ferraz Palmeira, A., ... Barlow, J. (2020). El Nifio impacts on human-
modified tropical forests: Consequences for dung beetle diversity
and associated ecological processes. Biotropica, 52(2), 252-262.

Frank, K., Krell, F. T., Slade, E. M., Raine, E. H., Chiew, L. Y., Schmitt, T.,
... Bliithgen, N. (2018). Global dung webs: High trophic generalism
of dung beetles along the latitudinal diversity gradient. Ecology
Letters, 21(8), 1229-1236.

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 an-
thropogenic drivers of declines in tropical dung beetle communities
and functions. Biological Conservation, 256, 109063.

Gagic, V., Bartomeus, I., Jonsson, T., Taylor, A., Winqvist, C., Fischer, C.,
... Bommarco, R. (2015). Functional identity and diversity of animals
predict ecosystem functioning better than species-based indices.
Proceedings of the Royal Society B: Biological Sciences, 282(1801),
20142620.

Gann, G. D., McDonald, T., Walder, B., Aronson, J., Nelson, C. R., Jonson,
J., ... Dixon, K. (2019). International principles and standards for
the practice of ecological restoration. Restoration Ecology, 27(S1),
S1-546.

Gardner, T. A., Herndndez, M. |, 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(3), 883-893.

Gelviz-Gelvez, S. M., Ramirez-Hernandez, A., Barragan, F., Flores-Cano,
J.A., & Amador-Cézares, S. G. (2023). Diversity and composition of
beetle assemblages attracted to dung in cloud forests under active
and passive restoration practices. Environmental Entomology, 52(3),
341-349.

Génier, F., & Davis, A. L. (2017). Digitonthophagus gazella auctorum: An
unfortunate case of mistaken identity for a widely introduced
species (Coleoptera: Scarabaeidae: Scarabaeinae: Onthophagini).
Zootaxa, 4221(4), 497-500.

Gigliotti, M. S., Togni, P. H. B., & Frizzas, M. R. (2023). Attractiveness
of dung beetles (Coleoptera: Scarabaeinae) to faeces from native
mammals in different trophic guilds. Austral Ecology, 48(1), 102-120.

Giménez Gomez, V. C., Verdd, J. R., & Zurita, G. A. (2020). Thermal niche
helps to explain the ability of dung beetles to exploit disturbed hab-
itats. Scientific Reports, 10(1), 13364.

Gittings, T., & Giller, P. S. (1998). Resource quality and the colonisation
and succession of coprophagous dung beetles. Ecography, 21(6),
581-592.

Gollan, J. R, Reid, C. A., Barnes, P. B., & Wilkie, L. (2011). The ratio of
exotic-to-native dung beetles can indicate habitat quality in ripar-
ian restoration. Insect Conservation and Diversity, 4(2), 123-131.

Gonzalez-Tokman, D., Cultid-Medina, C., Diaz, A., Escobar, F., Ocampo-
Palacio, L., & Martinez-Garza, C. (2018). Success or failure: The
role of ecological restoration on the recovery of dung beetle di-
versity and function in a tropical rainforest. Revista Mexicana de
Biodiversidad, 89(1), 232-242.

Gotcha, N., Machekano, H., Cuthbert, R. N., & Nyamukondiwa, C.
(2021). Low-temperature tolerance in coprophagic beetle species
(Coleoptera: Scarabaeidae): Implications for ecological services.
Ecological Entomology, 46(5), 1101-1112.

Gregory, N., Gémez, A., Oliveira, T. M. F. D. S., & Nichols, E. (2015). Big
dung beetles dig deeper: Trait-based consequences for faecal par-
asite transmission. International Journal for Parasitology, 45(2-3),
101-105.

Griffiths, H. M., Louzada, J., Bardgett, R. D., Beiroz, W., Franca, F.,
Tregidgo, D., & Barlow, J. (2015). Biodiversity and environmental
context predict dung beetle-mediated seed dispersal in a tropical
forest field experiment. Ecology, 96(6), 1607-1619.

Guerra Alonso, C. B., Zurita, G. A, & Bellocq, M. I. (2022). Livestock graz-
ing impact differently on the functional diversity of dung beetles

depending on the regional context in subtropical forests. Scientific
Reports, 12(1), 1636.

Halffter, G., & Edmonds, W. D. (1982). The nesting behavior of dung bee-
tles (Scarabaeinae). An ecological and evolutive approach. Journal
of the New York Entomological Society, 91, 512-515.

Hanski, I., & Cambefort, Y. (Eds.). (2014). Dung beetle ecology (Vol. 1195).
Princeton University Press.

Heneghan, L., Miller, S. P., Baer, S., Callaham, M. A,, Jr., Montgomery,
J., Pavao-Zuckerman, M., ... Richardson, S. (2008). Integrating soil
ecological knowledge into restoration management. Restoration
Ecology, 16(4), 608-617.

Hering, R., Hauptfleisch, M., GeiBler, K., Marquart, A., Schoenen, M., &
Blaum, N. (2019). Shrub encroachment is not always land degra-
dation: Insights from ground-dwelling beetle species niches along
a shrub cover gradient in a semi-arid Namibian savanna. Land
Degradation & Development, 30(1), 14-24.

Holley, J. M., & Andrew, N. R. (2020). Warming effects on dung beetle
ecosystem services: Brood production and dung burial by a tunnel-
ling dung beetle, Onthophagus taurus (Coleoptera: Scarabaeidae),
is reduced by experimental warming. Austral Entomology, 59(2),
353-367.

Holter, P., & Scholtz, C. H. (2007). What do dung beetles eat? Ecological
Entomology, 32(6), 690-697.

Hortal, J., Diniz-Filho, J. A. F.,, Bini, L. M., Rodriguez, M. A, Baselga, A.,
Nogués-Bravo, D., ... Lobo, J. M. (2011). Ice age climate, evolution-
ary constraints and diversity patterns of European dung beetles.
Ecology Letters, 14(8), 741-748.

Hosler, S.C., Jones, H. P., Nelson, M., & Barber, N. A.(2021). Management
actions shape dung beetle community structure and functional
traits in restored tallgrass prairie. Ecological Entomology, 46(2),
175-186.

Ishikawa, H. (2011). Effects of dung beetles on seedling emergence
from herbaceous seeds in the dung of sika deer (Cervus nippon) in
a temperate Japanese grassland ecosystem. Ecological Research, 26,
725-734.

lwasa, M., Moki, Y., & Takahashi, J. (2015). Effects of the activity of co-
prophagous insects on greenhouse gas emissions from cattle dung
pats and changes in amounts of nitrogen, carbon, and energy.
Environmental Entomology, 44(1), 106-113.

Ix-Balam, M. A., Oliveira, M. G. A., Louzada, J., McNeil, J. N, & Lima, E.
(2018). The rolling of food by dung beetles affects the oviposition
of competing flies. Insects, 9(3), 92.

Jacobs, C. T., & Scholtz, C. H. (2015). A review on the effect of macrocy-
clic lactones on dung-dwelling insects: Toxicity of macrocyclic lac-
tones to dung beetles. Onderstepoort Journal of Veterinary Research,
82(1), 1-8.

Johnson, S. N., Lopaticki, G., Barnett, K., Facey, S. L., Powell, J. R., &
Hartley, S. E. (2016). An insect ecosystem engineer alleviates
drought stress in plants without increasing plant susceptibility to
an above-ground herbivore. Functional Ecology, 30(6), 894-902.

Jones, M. S., Tylianakis, J. M., Reganold, J. P., & Snyder, W. E. (2018).
Dung beetle-mediated soil modification: A data set for analyzing
the effects of a recent introduction on soil quality. Ecology, 99(7),
1694.

Kavanaugh, B., & Manning, P. (2020). Ivermectin residues in cattle dung
impair insect-mediated dung removal but not organic matter de-
composition. Ecological Entomology, 45(3), 671-678.

Keller, N., van Meerveld, I., Ghazoul, J., Chiew, L. Y., Philipson, C. D.,
Godoong, E., & Slade, E. M. (2022). Dung beetles as hydrolog-
ical engineers: Effects of tunnelling on soil infiltration. Ecological
Entomology, 47(1), 84-94.

Korasaki, V., Braga, R. F., Zanetti, R., Moreira, F. M. S., Vaz-de-Mello, F.
Z., & Louzada, J. (2013). Conservation value of alternative land-
use systems for dung beetles in Amazon: Valuing traditional farm-
ing practices. Biodiversity and Conservation, 22(6-7), 1485-1499.

85UB017 SUOLULLIOD SAIERID 3ol dde 3y} Aq pauRA0B 818 S3[ e YO ‘SN J0 S3INI 104 AR1q1T 3UIIUO AB|IA UO (SUOIPUOD-PUR-SWR}WOD A8 | 1M ARR1q | U1 |UO//SHNY) SUORIPUOD PUe SWid | 8U) 835 *[7202/40/TT] U0 A%eiqi8ulluo AB|IM ‘L622T 6TE8-8892/200T OT/I0p/W00" A3 1M Alelq 1 [pulUOs feuIn0 ks :sdny woy papeo|umod ‘T ‘¥20Z ‘6188892



TORABIAN ET AL.

Lal, R. (2020). Soil organic matter and water retention. Agronomy Journal,
112(5), 3265-3277.

Larsen, T. H., Lopera, A., & Forsyth, A. (2008). Understanding trait-
dependent community disassembly: Dung beetles, density func-
tions, and forest fragmentation. Conservation Biology, 22(5),
1288-1298.

Liberal, C. N., de Farias, A. M. |., Meiado, M. V., Filgueiras, B. K. C., &
lannuzzi, L. (2011). How habitat change and rainfall affect dung
beetle diversity in Caatinga, a Brazilian semi-arid ecosystem.
Journal of Insect Science, 11(114), 1-11.

Lindtner, P., Soltis, M., & Kubov¢ik, V. (2019). Translocation of keystone
species may not mean translocation of keystone effect. European
Journal of Wildlife Research, 65, 1-6.

Loranger, G. |., Pregitzer, K. S., & King, J. S. (2004). Elevated CO, and
O,t concentrations differentially affect selected groups of the
fauna in temperate forest soils. Soil Biology and Biochemistry, 36(9),
1521-1524.

Losey, J. E., & Vaughan, M. (2006). The economic value of ecological ser-
vices provided by insects. Bioscience, 56(4), 311-323.

Lumaret, J.-P., Kadiri, N., & Martinez, M. |. (2022). The global decline of
dung beetles. In Imperiled: The encyclopedia of conservation, collec-
tion in earth systems and environmental sciences. Elsevier Inc.

Maldaner, M. E., Sobral-Souza, T., Prasniewski, V. M., & Vaz de Mello, F.
Z.(2021). Effects of climate change on the distribution of key native
dung beetles in South American grasslands. Agronomy, 11(10), 1-12.

Maldonado, M. B., Aranibar, J. N., Serrano, A. M., Chacoff, N. P, &
Vazquez, D. P. (2019). Dung beetles and nutrient cycling in a dry-
land environment. Catena, 179, 66-73.

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.

Manning, P, Slade, E. M., Beynon, S. A., & Lewis, O. T. (2017). Effect of
dung beetle species richness and chemical perturbation on multiple
ecosystem functions. Ecological Entomology, 42(5), 577-586.

Martello, F., Andriolli, F., de Souza, T. B., Dodonov, P., & Ribeiro, M. C.
(2016). Edge and land use effects on dung beetles (Coleoptera:
Scarabaeidae: Scarabaeinae) in Brazilian cerrado vegetation.
Journal of Insect Conservation, 20(6), 957-970.

Mbora, D. N. M., & Mutua, M. N. (2023). The joint effects of forest hab-
itat area and fragmentation on dung beetles. Ecology and Evolution,
13(8), €10429.

Menéndez, R., & Gutiérrez, D. (2004). Shifts in habitat associations
of dung beetles in northern Spain: Climate change implications.
Ecoscience, 11(3), 329-337.

Menéndez, R., Webb, P., & Orwin, K. H. (2016). Complementarity of dung
beetle species with different functional behaviours influence dung-
soil carbon cycling. Soil Biology and Biochemistry, 92, 142-148.

Miloti¢, 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. (2019). Functionally
richer communities improve ecosystem functioning: Dung removal
and secondary seed dispersal by dung beetles in the Western
Palaearctic. Journal of Biogeography, 46(1), 70-82.

Miloti¢, T., Quidé, S., van Loo, T., & Hoffmann, M. (2017). Linking func-
tional group richness and ecosystem functions of dung beetles: An
experimental quantification. Oecologia, 183(1), 177-190.

Mouillot, D., Graham, N. A,, Villéger, S., Mason, N. W., & Bellwood, D.
R. (2013). A functional approach reveals community responses to
disturbances. Trends in Ecology & Evolution, 28(3), 167-177.

Nelson, M., Hosler, S. C., Boetzl, F. A., Jones, H. P., & Barber, N. A. (2021).
Reintroduced grazers and prescribed fire effects on beetle as-
semblage structure and function in restored grasslands. Ecological
Applications, 31(1), e02217.

E 9 of 10

Nependa, H. U., Pryke, J. S., & Roets, F. (2021). Replacing native mam-
mal assemblages with livestock in African savannahs, impacts dung
beetle diversity and reduces body size. Biological Conservation, 260,
109211.

Nervo, B., Caprio, E., Celi, L., Lonati, M., Lombardi, G., Falsone, G., lussig,
G., Palestrini, C., Said-Pullicino, D., & Rolando, A. (2017). Ecological
functions provided by dung beetles are interlinked across space and
time: Evidence from *°N isotope tracing. Ecology, 98(2), 433-446.

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

Nichols, E., Spector, S., Louzada, J., Larsen, T., Amezquita, S., Favila, M.
E., & Network, T. S. R. (2008). Ecological functions and ecosys-
tem services provided by Scarabaeinae dung beetles. Biological
Conservation, 141(6), 1461-1474.

Ortega-Martinez, I. J., Moreno, C. E., Rios-Diaz, C. L., Arellano, L., Rosas,
F., & Castellanos, I. (2020). Assembly mechanisms of dung beetles
in temperate forests and grazing pastures. Scientific Reports, 10(1),
1-10.

Pérez-Cogollo, L. C., Rodriguez-Vivas, R. I., Delfin-Gonzalez, H., Reyes-
Novelo, E., & Ojeda-Chi, M. M. (2015). Lethal and sublethal effects
of Ivermectin on Onthophagus landolti (Coleoptera: Scarabaeidae).
Environmental Entomology, 44(6), 1634-1640.

Perkins, L. B., & Leffler, A. J. (2018). Conceptualizing ecological resto-
ration: A concise and adaptable framework for researchers and
practitioners. Restoration Ecology, 26(6), 1024-1028.

Perkins, L. B., Leger, E. A., & Nowak, R. S. (2011). Invasion triangle: An or-
ganizational framework for species invasion. Ecology and Evolution,
1(4), 610-625.

Pessda, M. B., Alves-Martins, F., De Marco Junior, P., & Hortal, J. (2021).
Unveiling the drivers of local dung beetle species richness in the
Neotropics. Journal of Biogeography, 48(4), 861-871.

Piccini, I., Arnieri, F., Caprio, E., Nervo, B., Pelissetti, S., Palestrini, C.,
Roslin, T., & Rolando, A. (2017). Greenhouse gas emissions from
dung pats vary with dung beetle species and with assemblage com-
position. PLoS One, 12(7), 1-15.

Pokhrel, M. R., Cairns, S. C., Hemmings, Z., Floate, K. D., & Andrew,
N. R. (2021). A review of dung beetle introductions in the antip-
odes and North America: Status, opportunities, and challenges.
Environmental Entomology, 50(4), 762-780.

Poorter, H., Van Berkel, Y., Baxter, R., Den Hertog, J., Dijkstra, P., Gifford,
R. M., ... Wong, S. C. (1997). The effect of elevated CO, on the
chemical composition and construction costs of leaves of 27 C,
species. Plant, Cell & Environment, 20(4), 472-482.

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(1897), 20182002.

Reich, P. B., Knops, J., Tilman, D., Craine, J., Ellsworth, D., Tjoelker,
M., ... Bengston, W. (2001). Plant diversity enhances ecosys-
tem responses to elevated CO, and nitrogen deposition. Nature,
410(6830), 809-810.

Rivera, J. D., de Los Monteros, A. E., Saldafia-Vazquez, R. A., & Favila, M.
E. (2023). Beyond species loss: How anthropogenic disturbances
drive functional and phylogenetic homogenization of Neotropical
dung beetles. Science of the Total Environment, 869, 161663.

Rivera, J. D., Espinosa de los Monteros, A., da Silva, P. G., & Favila, M. E.
(2022). Dung beetles maintain phylogenetic divergence but func-
tional convergence across a highly fragmented tropical landscape.
Journal of Applied Ecology, 59(7), 1781-1791.

Rivera, S. N., Fortini, L. B., Plentovich, S., & Price, M. R. (2021). Perceived
barriers to the use of assisted colonization for climate sensitive
species in the Hawaiian islands. Environmental Management, 68(3),
329-339.

85UB017 SUOLULLIOD SAIERID 3ol dde 3y} Aq pauRA0B 818 S3[ e YO ‘SN J0 S3INI 104 AR1q1T 3UIIUO AB|IA UO (SUOIPUOD-PUR-SWR}WOD A8 | 1M ARR1q | U1 |UO//SHNY) SUORIPUOD PUe SWid | 8U) 835 *[7202/40/TT] U0 A%eiqi8ulluo AB|IM ‘L622T 6TE8-8892/200T OT/I0p/W00" A3 1M Alelq 1 [pulUOs feuIn0 ks :sdny woy papeo|umod ‘T ‘¥20Z ‘6188892



TORABIAN ET AL.

10 of 10 E

Salomao, R. P, Alvarado, F., Baena-Diaz, F., Favila, M. E., lannuzzi, L.,
Liberal, C. N, ... Gonzalez-Tokman, D. (2019). Urbanization effects
on dung beetle assemblages in a tropical city. Ecological Indicators,
103, 665-675.

Samways, M. J., Barton, P. S., Birkhofer, K., Chichorro, F., Deacon, C.,
Fartmann, T., ... Cardoso, P. (2020). Solutions for humanity on how
to conserve insects. Biological Conservation, 242, 108427.

Sanchez-Bayo, F. (2021). Indirect effect of pesticides on insects and
other arthropods. Toxics, 9(8), 177.

Sands, B., & Wall, R. (2018). Sustained parasiticide use in cattle farming
affects dung beetle functional assemblages. Agriculture, Ecosystems
& Environment, 265, 226-235.

Santos-Heredia, C., Andresen, E.,del-Val, E., Zarate, D. A., Nava Mendoza,
M., & Jaramillo, V. J. (2016). The activity of dung beetles increases
foliar nutrient concentration in tropical seedlings. Biotropica, 48(5),
565-567.

Santos-Heredia, C., Andresen, E., & Stevenson, P. (2011). Secondary
seed dispersal by dung beetles in an Amazonian forest fragment
of Colombia: Influence of dung type and edge effect. Integrative
Zoology, 6(4), 399-408.

Sarmiento-Garces, R., & Hernandez, M. |. M. (2021). A decrease in tax-
onomic and functional diversity of dung beetles impacts the eco-
system function of manure removal in altered subtropical habitats.
PLoS One, 16(1), e0244783.

Seddon, A. W., Macias-Fauria, M., Long, P. R., Benz, D., & Willis, K. J.
(2016). Sensitivity of global terrestrial ecosystems to climate vari-
ability. Nature, 531(7593), 229-232.

Sheldon, K.S., Padash, M., Carter, A.W., & Marshall, K. E. (2020). Different
amplitudes of temperature fluctuation induce distinct transcrip-
tomic and metabolomic responses in the dung beetle Phanaeus vin-
dex. Journal of Experimental Biology, 223(23), jeb233239.

Slade, E. M., Mann, D. J.,, & Lewis, O. T. (2011). Biodiversity and eco-
system function of tropical forest dung beetles under contrasting
logging regimes. Biological Conservation, 144(1), 166-174.

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(1), 18140.

Smith, B. W., Dabbert, B.C., & Verble, R. M. (2019). Prescribed fire effects
on rangeland dung beetles (Coleoptera: Scarabaeinae, Aphodiinae)
in the Southern Great Plains. Rangeland Ecology and Management,
72(1), 120-125.

Stenberg, J. A. (2017). A conceptual framework for integrated pest man-
agement. Trends in Plant Science, 22(9), 759-769.

Storck-Tonon, D., da Silva, R. J.,, Sawaris, L., Vaz de Mello, F. Z., da Silva,
D. J., & Peres, C. A. (2020). Habitat patch size and isolation drive
the near-complete collapse of Amazonian dung beetle assemblages
in a 30-year-old forest archipelago. Biodiversity and Conservation,
29, 2419-2438.

Thomas, M. L. (2001). Dung beetle benefits in the pasture ecosystem.
Zu finden in http://attra.ncat.org/attra-pub/PDF/dungbeetle.pdf
[Zitiert am 25.04. 2007].

Tocco, C., Foster, J., Venter, N., Cowie, B., Marlin, D., & Byrne, M. (2021).
Elevated atmospheric CO, adversely affects a dung beetle's de-
velopment: Another potential driver of decline in insect numbers?
Global Change Biology, 27(19), 4592-4600.

Tocco, C., Midgley, J. M., & Villet, M. H. (2020). Intermediate distur-
bance promotes diversity and the conservation of dung beetles
(Scarabaeoidea: Scarabaeidae and Aphodiidae) in the Eastern Cape,
South Africa. Basic and Applied Ecology, 49, 45-56.

Tovar, H. L., Correa, C. M., Lumaret, J. P., L6pez-Bedoya, P. A., Navarro,
B., Tovar, V., & Noriega, J. A. (2023). Effect of antiparasitic man-
agement of cattle on the diversity and functional structure of dung
beetle (Coleoptera: Scarabaeidae) assemblages in the Colombian
Caribbean. Diversity, 15(4), 555.

Urrea-Galeano, L. A., Andresen, E., Coates, R., Ardila, F. M., Rojas, A. D.,
& Ramos-Fernandez, G. (2019). Horizontal seed dispersal by dung
beetles reduced seed and seedling clumping, but did not increase
short-term seedling establishment. PLoS One, 14(10), 1-17.

Verdd, J. R., Cortez, V., Ortiz, A. J., Gonzalez-Rodriguez, E., Martinez-
Pinna, J., Lumaret, J. P,, ... Sdnchez-Pifero, F. (2015). Low doses of
ivermectin cause sensory and locomotor disorders in dung beetles.
Scientific Reports, 5(1), 13912.

Verdd, J. R., Lobo, J. M., Sanchez-Pinero, F., Gallego, B., Numa, C.,
Lumaret, J. P, ... Duran, J. (2018). Ivermectin residues disrupt dung
beetle diversity, soil properties and ecosystem functioning: An
interdisciplinary field study. Science of the Total Environment, 618,
219-228.

Verdd, J. R., Moreno, C. E., Sanchez-Rojas, G., Numa, C., Galante, E.,
& Halffter, G. (2007). Grazing promotes dung beetle diversity in
the xeric landscape of a Mexican Biosphere Reserve. Biological
Conservation, 140(3-4), 308-317.

von Hoermann, C., Weithmann, S., Dei3ler, M., Ayasse, M., & Steiger,
S. (2020). Forest habitat parameters influence abundance and di-
versity of cadaver-visiting dung beetles in Central Europe. Royal
Society Open Science, 7(3), 191722.

Wagner, P. M., Abagandura, G. O., Mamo, M., Weissling, T., Wingeyer, A.,
& Bradshaw, J. D. (2021). Abundance and diversity of dung beetles
(Coleoptera: Scarabaeoidea) as affected by grazing management
in the Nebraska Sandhills Ecosystem. Environmental Entomology,
50(1), 222-231.

Williams, J. C., & Snyder, S. A. (2005). Restoring habitat corridors in
fragmented landscapes using optimization and percolation models.
Environmental Modeling and Assessment, 10(3), 239-250.

Yoshihara, Y., & Sato, S. (2015). The relationship between dung beetle
species richness and ecosystem functioning. Applied Soil Ecology,
88, 21-25.

How to cite this article: Torabian, S., Leffler, A. J., & Perkins,
L. (2024). Importance of restoration of dung beetles in the
maintenance of ecosystem services. Ecological Solutions and
Evidence, 5, €e12297. https://doi.org/10.1002/2688-
8319.12297

85UB017 SUOLULLIOD SAIERID 3ol dde 3y} Aq pauRA0B 818 S3[ e YO ‘SN J0 S3INI 104 AR1q1T 3UIIUO AB|IA UO (SUOIPUOD-PUR-SWR}WOD A8 | 1M ARR1q | U1 |UO//SHNY) SUORIPUOD PUe SWid | 8U) 835 *[7202/40/TT] U0 A%eiqi8ulluo AB|IM ‘L622T 6TE8-8892/200T OT/I0p/W00" A3 1M Alelq 1 [pulUOs feuIn0 ks :sdny woy papeo|umod ‘T ‘¥20Z ‘6188892


http://attra.ncat.org/attra-pub/PDF/dungbeetle.pdf
https://doi.org/10.1002/2688-8319.12297
https://doi.org/10.1002/2688-8319.12297

	Importance of restoration of dung beetles in the maintenance of ecosystem services
	Abstract
	1|INTRODUCTION
	2|ECOSYSTEM SERVICES PROVIDED BY DUNG BEETLES
	3|THREATS TO DUNG BEETLES
	4|RESTORATION TRIANGLE FOR DUNG BEETLES
	4.1|Environmental conditions
	4.2|Biotic characteristics
	4.3|Focal restoration of dung beetles

	5|EXTERNAL INFLUENCES
	6|CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNO​WLE​DGE​MENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	PEER REVIEW
	DATA AVAILABILITY STATEMENT

	REFERENCES


