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Dung beetles are recognized as providers of important ecosystem functions,
most of which are derived from the removal of vertebrate dung from the
soil surface. These insects occur in nearly all terrestrial biomes but are most
diverse in the humid tropics. Several of the ecological functions attributed
to dung beetles are related to their direct and indirect interactions with
plants. Among these functions, the secondary dispersal of seeds defecated
by mammals has received the most attention in tropical forests. Nonetheless,
while several aspects of secondary seed dispersal by dung beetles are relatively
well understood, others remain understudied or have not been addressed at
all. Thus, a broad generalization about the effects of secondary seed dispersal
by dung beetles on plant fithess remains somewhat elusive. Furthermore,
other effects of dung beetle activity on tropical plants have received very little
attention. A few studies have shown that through their behaviors of dung
burial and soil-excavation, dung beetles can shape seed bank structure and
dynamics. Also, though numerous greenhouse studies and field experiments
in agricultural lands and temperate grasslands have shown that dung beetle
activity increases plant nutrient uptake and yield, it is uncertain whether
such effects are common in tropical forests. Here, we review and synthesize
our current knowledge on how dung beetles affect tropical forest plants
by dispersing defecated seeds, shaping the structure and dynamics of seed
banks, and influencing the performance of understory seedlings. We focus
on the Neotropics, where most studies on the effects of dung beetles on
tropical forest plants have been carried out, but we also show results from
other regions and biomes, to present a more general picture of these beetle-
plant interactions. Throughout the review we emphasize aspects that need
more research to allow generalizations and point out those questions that
remain unanswered. We hope that this review will stimulate more research
about the fascinating interactions between dung beetles and plants in tropical
ecosystems.
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Introduction

Dung beetles are conspicuous insects found in terrestrial
ecosystems of all continents, except Antarctica (Hanski and
Cambefort, 1991). Adults and larval beetles feed on animal feces,
preferring the dung of mammals. Through their feeding and
nesting behaviors, most dung beetle species remove feces from the
surface and incorporate it into the soil. The ecological consequences
of this activity are manyfold, from soil conditioning and increased
plant yield, to livestock parasite control and secondary seed
dispersal, among others (Nichols et al., 2008; Scholtz et al., 2009).
Dung beetle communities reach their highest abundance and
diversity in tropical forests and savannas, where the mammal
faunas that provide their main food resource also display their
highest richness and biomass (Hanski and Cambefort, 1991).
Because several of the ecological functions attributed to dung
beetles can affect plants, it is believed that these insects can play an
important role in structuring tropical plant communities
(Andresen and Feer, 2005). However, except for the secondary
dispersal of seeds defecated by mammals, most studies quantifying
the effects of dung beetle activity on plants have been carried out
in productive systems and/or temperate regions and have mostly
focused on aspects related to soil conditioning (Nichols et al., 2008;
Scholtz et al., 2009). The lack of empirical evidence often leads to
the assumption that effects of dung beetles measured in other study
systems (e.g., greenhouse experiment on temperate grasses) can
be extrapolated to natural conditions in tropical forests. However,
such an assumption is not justified because the effects of dung
beetle activity on plants are context dependent (Slade et al., 2011;
Griffiths et al., 2016; Urrea-Galeano et al., 2021).

Dung beetle functions performed at any given site depend on
the composition of the local dung beetle community, which varies
strongly among ecosystems, regions, and continents (Hanski and
Cambefort, 1991), as well as the type and degree of habitat
disturbance (Fuzessy et al., 2021a; Lopez-Bedoya et al., 2022).
Most tropical dung beetle species belong to the subfamily
Scarabaeinae (often referred to as the ‘true dung beetles’), although
other dung-feeding beetle taxa (Aphodiinae, Geotrupidae) are
important in other bioregions (Scholtz et al., 2009). Furthermore,
dung beetle species vary in their nesting, feeding, and dung-
relocating behaviors (Halffter and Edmonds, 1982), which also
affects their functional impact in ecosystems. Though definitions
can vary according to authors (Tonelli, 2021), three general
behavioral groups are distinguished: (i) dwellers (including both
non-nesting species as well as endocoprid nesters) use the dung
directly at the source; (ii) rollers relocate dung portions by rolling
them away from the source and then burying them in
underground tunnels and chambers; and (iii) tunnellers or
burrowers relocate dung portions underneath or very close to the
dung source, also into underground tunnels and chambers. Most
tropical dung beetles are rollers and tunnellers.

Through the burial of dung in underground tunnels, dung
beetles can have direct or indirect interactions with plants. Direct
interactions occur through the fortuitous manipulation of seeds
that are imbedded in dung or in the soil. On the other hand,
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indirect interactions between beetles and plants, are those driven
by the changes that beetle activity can cause in the biological,
chemical and/or physical properties of the soil. In some rare cases
dung beetles can also have effects that are not a consequence of
their dung-relocation behavior, including the pollination of plant
species with decay-scented flowers (Nichols et al., 2008), and the
use of acorns as food/nesting resource (i.e., seed predation or seed
dispersal when the embryo is not killed; Pérez-Ramos et al., 2007,
2013). In this review, we focus only on the effects that are derived
from the dung-relocation activity of dung beetles (Figure 1;
Table 1), because they are the most widespread. First, we review
the secondary dispersal of seeds imbedded in dung (Secondary
seed dispersal), which is the ecological function of dung beetles
that has received the most attention in tropical forests, particularly
in the Neotropics. Then, we present the findings of those few
studies that have addressed the effects that dung beetles can have
on the structure and dynamics of tropical soil seed banks (Seed
banks). Finally, we evaluate our knowledge about the indirect
effects of dung beetle activity on plant nutrient uptake and
performance in tropical forests (Plant performance). The aims of
this review are to present a concise synthesis of our understanding
about these three interactions between dung beetles and tropical
forest plants, to point out research gaps, to discuss some
methodological aspects, and to encourage researchers to critically
question and assess whether the functions of dung beetles can
be extrapolated among different study systems.

Secondary seed dispersal

Secondary seed dispersal by dung beetles occurs when they
move seeds that have been defecated by a fruit-eating vertebrate
(i.e., the primary disperser). Beetles are attracted to the defecations
and when they relocate portions of it, seeds present in the dung
are incidentally relocated as well. From the beetles’ perspective,
seeds are useless ‘contaminants’; thus, they may exclude seeds
prior or during dung-relocation. Seeds dispersed by beetles may
be buried by them (vertical dispersal) and may be moved some
horizontal distance away from the site of deposition (horizontal
dispersal). One or both movements can occur and can have
consequences for seed fate. Secondary seed dispersal by dung
beetles was initially reported in a greenhouse experiment, in
which burial of seed-containing cattle dung by dung beetles
promoted seedling establishment of a temperate prairie grass
(Wicklow et al., 1984). A few years later, the first field study
quantifying some aspects of secondary seed dispersal by dung
beetles in a tropical forest was published (Estrada and Coates-
Estrada, 1986, 1991), and seven years elapsed before the next study
(Shepherd and Chapman, 1998). Since then, the publication
stream has been steady, though modest, yielding a total of 71
articles (not including reviews) worldwide between 1984 and June
2022, which assess some aspect of secondary seed dispersal by
dung beetles, 83% of them in tropical biomes (Figure 2).

Why did secondary seed dispersal by dung beetles catch the
interest of tropical ecologists in the 90s? The following lines of
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FIGURE 1

specific plant species can be found in Supplementary Table S1.

Flowchart showing the consequences that dung beetle activity can have on plants that are reviewed in this article (Secondary seed dispersal; Seed
banks; and Plant performance). The activity of dung beetles that we focus on, is the relocation of animal feces (mostly mammal dung) from the
soil surface into deeper soil layers, which in turn occurs through the excavation of soil to build underground tunnels and chambers for feeding
and nesting. The consequences for plants result from a direct interaction between dung beetles and seeds (seeds in dung and seeds in soil), and
from an indirect interaction between beetles and plants, which is mediated through soil fertilization and conditioning. Grey boxes show specific
responses that have been measured (those followed by "yes’, “+", "=, and/or “="), or have been suggested to occur. Signs indicate positive (+),
negative (=), and no effect (=) of dung beetles reported for each of the responses; question marks indicate that a response has been little studied
(?), or not at all (??). Studies that have assessed one or more of these responses are shown in Table 1. For secondary seed dispersal, information for

ecological evidence had to align for this to occur: (i) that the great
majority of tropical woody plants depend on frugivorous birds
and mammals for primary seed dispersal (Howe and Smallwood,
1982); (ii) that the effectiveness of a primary disperser depends
not only on the quantity of seeds dispersed, but also on the quality
of dispersal, which is related to how seeds are handled and
deposited (Schupp, 1993); (iii) that it is necessary to assess post-
dispersal seed fate to determine seed dispersal quality and have a
better understanding of the seed dispersal process (Chapman,
1989); and (iv) that the dung surrounding seeds dispersed by
mammals can affect post-dispersal seed fate by attracting rodent
seed predators (Janzen, 1982) and dung beetles (Estrada and
Coates-Estrada, 1986). Thus, it was realized that dung beetles
processing the feces of mammalian frugivores were likely to affect
the post-dispersal fate of defecated seeds, and therefore seed
Indeed,
interaction was defined by Vander Wall and Longland (2004) as a

dispersal effectiveness. the mammal-seed-beetle
‘diplochory, i.e., a system in which the primary and secondary
dispersal vectors are different (i.e., mammal and dung beetle,
respectively), and often confer different advantages to the plant.
According to these authors, while the mammal allows the seed to
escape an area of low survival probability near the parent plant,
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the dung beetles move the seeds deterministically to microsites
that favor seed fate (i.e., respectively ‘Escape Hypothesis’ and
‘Directed Dispersal Hypothesis’ sensu Howe and Smallwood, 1982).
Almost two decades ago, a first review on secondary seed
dispersal by dung beetles synthesized our initial understanding of
this interaction and pointed out many research gaps (Andresen
and Feer, 2005). A few years later, two publications that reviewed
the ecological functions of dung beetles, also included accounts
on secondary seed dispersal (Nichols et al., 2008; Scholtz et al.,
2009). Since then, many more studies have assessed different
aspects of secondary seed dispersal by dung beetles. In the next
subsections we try to summarize old and new insights about this
plant-animal interaction. First, we review the factors that
determine whether and how a seed is secondarily dispersed by
dung beetles. Second, we present an overview of the consequences
of secondary seed dispersal by beetles for plants and discuss to
what extent they can be generalized. Third, we describe how
secondary seed dispersal is currently often included in sampling
protocols of applied biodiversity conservation research that uses
dung beetles as a focal taxon. Throughout the text, we point out
how methodological choices may affect the results we obtain when
quantifying secondary seed dispersal by dung beetles.
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TABLE 1 List of publications (excluding reviews) that include information on the effects of dung beetle activity on plants in three realms:
Neotropical, Paleotropical, and Extratropical.

Topic Neotropical Paleotropical Extratropical
(A) SSD: predictors
Seed size 1,2,3,4,8,9,11%,12,13,18,21,23%24,25"29,31,32,34,35,36",3 52,57,85,89°,90" 72.73.75.88

7,41%,43,44,46,48",49",56,76,79,86
Other seed traits 12,18,44 - -
Seed density 10,16,18,22,33 - -
Beetle traits/species 1,2,3,4,8,9,24,25,44,46,79 -- 80%,82%,87
Beetle community attributes 7,11,23,25%,28,29,34,36, 41°,46,47°,49",91° 81°,85 66,72,73,75
Dung amount 2,5,9,10,13,16,18,25%33 -- --
Dung type 15,16,17,18,21,32,33,86 - 66,72
Dung removal 7°,23%,24,34,36",41°,48", 55,81°,90° 73,80%,92

49°

Defecation pattern 10,14,15,17,20,24,38,43 55 77492
Time of day/season/year 6,9,16,18,33,42" 53 73,75,88,92
Habitat type/environment 28,32,34,47",79 53,55,57 66,69,72,73
Habitat disturbance 7°,11%,18,19%,21,23%,25%, 33,36",38,41%,42°,47", 48°49°,91° 817,89°,90° 69,88
(B) SSD: consequences
Seed survival 1,2,3,5,6,7,13,17,21,27,32,33,38,76,86 52,53,54 69,87
Seed/seedling aggregation 22,40 -- --
Seedling establishment 1,3,5,6,7°,11%,13,21,22,27, 29,33,40,47°,76,86" 52,53,54,55 66,67%,69,80°,87°,92
Seedling survival 7°27,29,33 53 --
(C) Seed banks
Structure 24 -- --
Movement of seeds 26,3639 - -
Seedling establishment 26,35,39 -- --
(D) Plant performance
Chemical composition 30,45,50* 59 58%,63%,64,68%,70°, 71,83%*,84°
Survival 30,45 - 68°
Growth/allocation 30,45,50%,51* 59%,60 58%,61,62,63%,64*,65, 68*,70*,71,74¢,78,83*,84¢

Publications are organized into four main topics, according to the information that readers can find in them: (A) predictor variables affecting secondary dispersal of defecated seeds
(SSD) by dung beetles; (B) consequences for plant fitness of secondary seed dispersal by dung beetles, (C) effects of dung beetles on soil seed banks; (D) effects of dung beetles on plant
performance. Each topic has several sub-topics that correspond to specific variables included in the studies. Two dashes (--) indicate lack of published studies for a sub-topic. * Data
obtained under highly controlled conditions (e.g., greenhouse). ® Studies using dung beetles as a focal taxon in applied biodiversity conservation research. ¢ Data for plants of productive
interest (e.g., crops, livestock pastures). This table does not include studies on pollination, dispersal of seeds that mimic the odor of dung, or dispersal of seeds that are used as food;
however, these studies are mentioned in the text.

1 Estrada and Coates-Estrada (1991); 2 Andresen (1999); 3 Feer (1999); 4 Vulinec (2000); 5 Andresen (2001); 6 Feer et al. (2001); 7 Hingrat and Feer (2002); 8 Vulinec (2002); 9 Andresen
(2002a); 10 Andresen (2002b); 11 Andresen (2003); 12 Vulinec et al. (2003); 13 Andresen and Levey (2004); 14 Wehncke and Dalling (2005); 15 Ponce-Santizo et al. (2006); 16 Culot et al.
(2009); 17 Santos-Heredia et al. (2010); 18 Culot et al. (2011); 19 Giraldo et al. (2011); 20 Mufioz-Lazo et al. (2011); 21 Santos-Heredia et al. (2011); 22 Lawson et al. (2012); 23 Braga et al.
(2013); 24 Feer et al. (2013); 25 Nichols et al. (2013); 26 Santos-Heredia and Andresen (2014); 27 Culot et al. (2015); 28 Griffiths et al. (2015); 29 Griffiths et al. (2016); 30 Santos-Heredia
etal. (2016); 31 Braga et al. (2017); 32 Lugon et al. (2017); 33 Culot et al. (2018); 34 Nunes et al. (2018); 35 Ocampo-Castillo and Andresen (2018); 36 Santos-Heredia et al. (2018);

37 Genes et al. (2018); 38 Zdrate et al. (2019); 39 Urrea-Galeano et al. (2019b); 40 Urrea-Galeano et al. (2019a); 41 Carvalho et al. (2020); 42 Franga et al. (2020); 43 Fuzessy et al. (2021b);
44 Pedersen and Bliithgen (2022); 45 Urrea-Galeano et al. (2021); 46 Morales-Alba et al. (2022); 47 Almeida et al. (2021); 48 Oliveira et al. (2021); 49 Arias-Alvarez et al. (2022);

50 Miranda et al. (1998); 51 Barragan et al. (2022); 52 Shepherd and Chapman (1998); 53 Balcomb and Chapman (2003); 54 Beaune et al. (2012); 55 Petre et al. (2015); 56 Stanbrook et al.
(2017); 57 Kunz and Krell (2011); 58 Bang et al. (2005); 59 Badenhorst et al. (2018); 60 Howison et al. (2016); 61 Wu et al. (2015); 62 Wu et al. (2014); 63 Kaleri et al. (2020); 64 Kaleri
etal. (2021); 65 Xie et al. (2021); 66 D’hondt et al. (2008); 67 Wicklow et al. (1984); 68 Macqueen and Beirne (1975); 69 Leiva and Sobrino-Mengual (2022); 70 Slade et al. (2017);

71 Nervo et al. (2017); 72 Miloti¢ et al. (2017); 73 Milotic et al. (2019); 74 Slade and Roslin (2016); 75 Ardali et al. (2016); 76 Estrada and Coates-Estrada (1986); 77 Verdu et al. (2009);

78 Borghesio et al. (1999); 79 Niero et al. (2022); 80 deCastro-Arrazola et al. (2020); 81 Derhé et al. (2016); 82 Manns et al. (2020); 83 Bornemissza and Williams (1970); 84 Johnson et al.
(2016); 85 Slade et al. (2007); 86 Landim et al. (2022); 87 Koike et al. (2012); 88 Enari and Sakamaki-Enari (2014); 89 Hosaka et al. (2014); 90 Slade et al. (2011); 91 Gémez-Cifuentes et al.
(2020); 92 Ishikawa (2011).

Factors influencing secondary seed
dispersal by dung beetles

buried by beetles are found at depths < 10cm, but some may
be buried as deeply as 40 cm (Griffiths et al., 2015); (iii) most seeds
are moved short horizontal distances (< 50 cm), but some can
There is tremendous variation in the patterns of secondary be moved a few meters in tropical forests (e.g., Estrada and
seed dispersal by dung beetles: (i) all or none of the seeds in a
defecation may be relocated by dung beetles, with all the

possibilities in between (Andresen and Feer, 2005); (ii) most seeds

Coates-Estrada, 1991) and up to 20 m in African savannas (Kunz
and Krell, 2011). Also, while some of the seeds dispersed vertically
remain inside the dung portions buried by beetles, others
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(particularly larger seeds) are excluded from the dung portions at
some point during burial (Andresen and Feer, 2005; Stanbrook
etal, 2017).

Many factors can influence if and how a defecated seed is
secondarily dispersed by beetles. Some of these have been assessed
often, while others only a few times (Table 1A). It is important to
mention that all studies quantify the vertical dispersal of seeds
(i.e., seed burial), but fewer quantify horizontal dispersal. Also,
we want to point out that in experiments that only aim to measure
the probability and distances of seed movement without
determining the subsequent fate of those seeds (i.e., whether they
die, germinate, or establish as seedlings), it is very common to use
seed mimics (Andresen, 2002a). Seed mimics are usually plastic
beads, though other types of mimics can also be used. Dung
beetles show the same behavior towards all dung ‘contaminants,
be they real or artificial seeds. Using seed mimics has many
methodological advantages for assessing secondary seed dispersal
by dung beetles: they are not removed by granivorous animals;
their characteristics, such as size and shape, can be controlled;
large numbers can be deployed; they can be reused etc. However,
since measuring the fate of seeds dispersed by beetles is necessary
to determine if secondary seed dispersal has a positive effect on
plant fitness or not (see next section), the usefulness of seed
mimics is limited.

Two of the factors that most consistently affect secondary seed
dispersal by dung beetles are seed size and beetle size. The
relationships are driven by the facts that seeds are dung
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contaminants from the beetle’s perspective and that larger beetles
relocate larger portions of dung. Thus, secondary seed dispersal
by dung beetles is negatively related to seed size, and positively
related to beetle size. In other words: smaller seeds are relocated
more often, more deeply, and to larger horizontal distances, than
larger seeds, and seeds have a higher chance of being secondarily
dispersed when handled by larger beetles. However, some
exceptions occur, as not all studies have found an effect of seed
size (e.g., no effect of seed size on burial probability: Culot et al.,
2011; no effect of seed size on all secondary seed dispersal
variables: Hosaka et al., 2014; no effect of seed size on burial
depth: Andresen and Levey, 2004). Exceptions are probably due
to methodological aspects, such as the range of seed sizes used in
studies, relative to the size distribution of the beetles at the study
site. One study determined that the maximum seed size that is
dispersed by beetles approximates the beetle’s body length
(Pedersen and Bliithgen, 2022). So, for example, if in a study all
seed sizes used are smaller or larger than the largest beetles, an
effect of seed size on secondary seed dispersal might be more
difficult to detect or non-existent. What is important, however, is
that researchers choose seed sizes that are realistic (e.g., dung
beetles are likely to encounter them in vertebrate’s feces in their
study site) and that allow them to answer their research questions.
Also, one must consider that even for seeds of the same size
variability in dispersal probabilities and distances can be very
high, and thus large sample sizes are necessary to statistically
confirm biological trends.
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Other seed characteristics, aside from seed size, may also
affect secondary seed dispersal, but evidence is scant. For example,
one study found that spherical seeds are more likely to be buried
by beetles than elongated ones (Culot et al., 2011), but two other
studies found no effect of seed shape (Vulinec et al, 2003;
Pedersen and Bliithgen, 2022). Additionally, one study found that
large pubescent seeds are more likely to be incorporated into the
dung portions relocated by beetles than large seeds that are
smooth (Pedersen and Bliithgen, 2022). The latter relationship is
explained by the fact that dung is more likely to stay attached on
the surface of pubescent seeds. Indeed, the authors found that very
large pubescent seeds with a thin layer of feces on their surface are
seemingly mistaken by dung beetles to be piles of dung and buried
as such. Such ‘secondary seed dispersal by mistake had also
previously been reported in African savannas (Kunz and Krell,
2011). But the ‘ultimate deception’ occurs in at least two plant
species of the South African fynbos, which have dung-smelling
seeds that emit volatiles found in herbivore feces (Midgley et al.,
2015, 2021). These seeds, without having been defecated by any
frugivore, attract dung beetles that roll and bury them, to later
abandon them when the deception is discovered. For these seeds,
dung beetles are acting as primary dispersers of fallen seeds (sernsu
Vander Wall et al., 2005), rather than secondary seed dispersers.
We do not yet know if secondary seed dispersal by mistake and/
or primary seed dispersal through fecal mimicry are common in
certain ecosystems and/or plant taxa.

As with seed traits, other dung beetle traits aside from size can
also influence secondary seed dispersal. One trait that has received
relatively more attention is the nesting and dung-relocation
behavior of beetles (see Introduction). In general, it is considered
that dwellers do not play a role in secondary seed dispersal of
defecated seeds, that tunnellers bury more seeds than rollers, and
that rollers are more likely to move seeds to greater horizontal
distances than tunnellers (Andresen and Feer, 2005). It is also
argued that rollers are more selective than tunnellers of similar
size, i.e., they tend to exclude larger seeds from the dung portion
they relocate more often than tunnellers (Feer et al., 2013). While
these broad patterns are likely accurate, we are probably still
missing much detailed knowledge, considering that beetle nesting
and dung-relocation behaviors can vary tremendously among
species within each of the three general behavioral categories
(Halffter and Edmonds, 1982; Hanski and Cambefort, 1991). For
example, beetles of the Neotropical genus Eurysternus, which
technically belong to the rollers, are sometimes considered
functional dwellers (e.g., Feer et al., 2013; Griffiths et al., 2016).
The truth is, that beetles in this genus, which can be very abundant,
process dung very differently from rollers and dwellers, as they
relocate dung balls just underneath the dung source (Halffter and
Edmonds, 1982). Thus, these beetles, which have been classified
as marginally or not at all involved in secondary seed dispersal
(Vulinec, 2000), might actually have a positive effect on seed fate
by hiding them from predators at shallow depths that are optimal
for germination and seedling establishment (e.g., Griffiths et al.,
2016; see next section). Also, many species of tunnellers push
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fragments of dung, showing a behavior that, in terms of secondary
seed dispersal, has some characteristics of tunnellers (they are less
selective, excluding fewer seeds) and some of rollers (they move
smaller portions of dung but to larger horizontal distances; Culot
et al,, 2011). Finally, while several studies have assessed the
secondary seed dispersal capacities of particular beetle species
(Estrada and Coates-Estrada, 1991; Vulinec, 2000; Vulinec, 2002;
Andresen, 2002a; Vulinec et al., 2003; Koike et al., 2012; Feer et al.,
2013; deCastro-Arrazola et al., 2020; Manns et al., 2020; Niero
etal, 2022), the number of species compared is usually low (1-10)
and experimental manipulations probably alter beetle behavior
(i.e., beetles are placed in relatively narrow cylinders manually
filled with soil). Thus, this is an area of many research opportunities.

In addition to beetle and seed traits, dung amount, dung type,
seed density, and the spatial defecation pattern can also affect
secondary seed dispersal by dung beetles. These are interrelated
factors, as they all depend on the characteristic of each species of
frugivorous vertebrate (e.g., size, behavior, diet). With the
exception of one study, which assessed secondary seed dispersal
for seeds defecated by a bird species (guan; Landim et al., 2022),
all others have focused on seeds in mammalian dung, particularly
that of primates. Consistently, studies comparing different
amounts of dung while controlling for the other factors have
found that seeds surrounded by more feces have a higher
probability of secondary seed dispersal and are often buried more
deeply. On the other hand, two studies comparing dung types
while controlling for the other factors found differences in
secondary seed dispersal (Ponce-Santizo et al., 2006; Santos-
Heredia et al., 2011), while one did not (Culot et al., 2009). Yet,
another study found an effect of dung type in one experiment, but
not in another, which was attributed to seasonal differences in the
frugivores’ diets, which in turn affected dung texture (Santos-
Heredia et al., 2010). Studies comparing the spatial distribution of
dung (clumped vs. scattered), while controlling dung type and
amount, have either found no effect on secondary seed dispersal
(Andresen, 2002b; Ponce-Santizo et al., 2006) or have found that
seeds in clumped defecations are buried more often and more
deeply (Santos-Heredia et al., 2010). Some studies have used an
integrative approach for comparing the secondary dispersal of
seeds defecated by different frugivores, in which all characteristics
associated with the defecation pattern of each species are
mimicked (Lugon et al, 2017; Landim et al, 2022) or the
secondary dispersal is measured in situ where seeds are defecated,
with very little manipulation (Culot et al., 2009, 2018). These
studies have found differences in secondary seed dispersal among
the frugivore species being compared. These differences were
strongly driven by the effect of dung amount, but also by dung
texture (Lugon et al., 2017), and the number of seeds in a dung
pile (Culot et al.,, 2009, 2018).

The deposition of dung may not only be aggregated in space,
but also in time. This occurs when mammals defecate in the same
sites (often sites used for resting) recurrently over time, creating a
‘latrine effect. A latrine effect occurs when, due to the recurrent
defecations, certain biotic and/or abiotic characteristics of the

frontiersin.org


https://doi.org/10.3389/fevo.2022.979676
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Andresen and Urrea-Galeano

habitat (e.g., density of seedlings, soil nutrients) differ between
latrines and non-latrine sites (Whitworth et al., 2019). Only two
studies have evaluated secondary seed dispersal by dung beetles
in latrines, finding that seed burial by beetles was higher in latrines
than non-latrines (Fuzessy et al., 2021b) and higher in latrines
used more frequently vs. less frequently (Feer et al., 2013). This is
an area of interest for future research, given that the habitat
heterogeneity generated by the latrine behavior of certain
mammals may be accentuated by the differential activity of dung
beetles (see also Seed banks).

Other environmental factors that can either influence the
composition of the dung beetle assemblage attracted to a seed-
containing defecation (e.g., season of the year, time of day,
vegetation characteristics) and/or dung beetle behavior (e.g., soil
type, soil compaction, soil water content) can also affect secondary
seed dispersal but have been explored very little (Table 1A), or not
at all. On the other hand, the effects of habitat disturbance and
dung beetle community attributes (e.g., species richness) are
increasingly being related to secondary seed dispersal due to the
tremendous popularity of dung beetles as a focal taxon in
biodiversity studies. We will come back to this topic below (see
Biodiversity studies using dung beetles as a focal taxon).

The consequences of secondary seed
dispersal by dung beetles

The immediate consequences for seeds embedded in the dung
that is processed by dung beetles are potential changes in their
location and condition. However, what is relevant to know are the
long-term consequences of those changes. Unfortunately, we know
much less about these long-term consequences than we know
about the immediate ones, given that relatively few studies on
secondary seed dispersal by dung beetles have followed seed fate
until seedling establishment and even fewer assess seedling
survival (Table 1B; Supplementary Table SI).

In terms of location, as already explained, dung beetles may
bury seeds and/or they may move them horizontally away from
the original site of deposition. The best studied consequences of
secondary dispersal on seed fate are those related to seed burial
(Supplementary Table S1). There is a strong consensus in the
literature that seed burial by dung beetles increases seed survival
by lowering the probability of seed predation. However,
researchers also agree that seeds buried too deeply may suffer
negative effects because seedling establishment is hindered. While
the first effect (lower seed predation) can be generalized to most
plant species, the second cannot, since the range of depths from
which a seed can emerge as seedling varies strongly among plant
species and biomes (Gallagher, 2014). To some extent, the negative
effect of seed burial is likely related to seed size, with larger seeds
suffering less from non-emergence of seedlings than smaller
seeds, in general. However, even for large tropical seeds, there is
high variability regarding this negative effect, but with no clear
relationship to seed size (Andresen and Levey, 2004; Culot et al.,
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2015, 2018). Thus, other seed/seedling functional traits (e.g., type
of germination, type of cotyledons) are likely important too in
determining whether a seed buried by dung beetles will be able to
emerge as seedling, or not (Andresen and Feer, 2005). Additionally,
the challenge of following the long-term fate of small seeds (<
3 mm), pointed out long ago (Andresen and Feer, 2005), has not
yet been completely solved. Also, we know little about the specific
mechanisms that hinder seedling establishment from a seed
buried by dung beetles. In some cases, buried seeds seem to
germinate well but the elongating seedling is unable to emerge
(e.g., Andresen and Levey, 2004), in other cases germination itself
may be hindered, or buried seeds may suffer higher rates of
mortality due to pathogen attack or other causes (Lugon et al.,
2017). Unfortunately, most studies on seed burial by dung beetles
are not designed to determine which mechanism is responsible,
since germination is quantified indirectly by assessing seedling
establishment (Supplementary Table S1). Overall, the species-
dependent variation in seedling establishment from seeds buried
by dung beetles strongly limits our ability to generalize whether
secondary seed dispersal by these insects has mostly a net positive
effect on plant fitness, or not.

Seed burial can also affect seed fate through other
mechanisms. Since the first studies on secondary seed dispersal by
dung beetles, it was argued that seeds buried by dung beetles
might encounter microclimatic conditions (e.g., temperature,
moisture) that could favor their survival and/or germination
(Wicklow et al., 1984; Andresen and Feer, 2005; Nichols et al.,
2008). While the effects of the microclimate on the germination
of buried seeds has been studied (Gallagher, 2014), they have not
been assessed for seeds buried by dung beetles. In tropical forests,
encountering better microclimatic conditions when buried could
be of particular importance for plant species whose seeds’ viability
quickly decreases when they lose moisture. This potential effect of
seed burial by dung beetles may also be more relevant in tropical
dry forests or secondary forests (e.g., Culot et al., 2018), where
conditions on the soil surface can be harsh (high temperature, low
moisture). Similarly, in soils that are highly compacted (e.g.,
grasslands used by large domestic or wild herbivores), seed burial
by dung beetles may be crucial for seed germination and seedling
establishment. Future studies will need to test whether this often-
cited advantage of secondary seed dispersal by dung beetles
occurs or not.

Another positive aspect of secondary seed dispersal by dung
beetles that was proposed early on, but for which we also lack
empirical evidence, is increased plant fitness due to the reduction
of density-dependent processes, such as predation and/or
competition (Andresen and Feer, 2005; Nichols et al., 2008).
Mammal defecations can often contain large numbers of seeds;
thus, it has been argued that redistribution of those seeds through
dung beetle activity would diminish the degree of clumping and
consequently improve seed survival, seedling establishment, and,
eventually, seedling performance. While many studies on
secondary seed dispersal by dung beetles report horizontal
movement of seeds, the effects on seed fate have not been assessed.
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Two studies have experimentally proven that dung beetle activity
indeed decreases the spatial aggregation of seeds deposited in
dung and of the seedlings that establish from them (Lawson et al.,,
2012; Urrea-Galeano et al., 2019a). However, of the four plant
species tested (two in each study; Supplementary Table S1), only
one showed a higher probability of seedling establishment in plots
with dung beetle activity (Lawson et al., 2012), while for the other
three species the effect was negative. The challenge in these types
of studies is to design experiments that allow us to disentangle the
different effects of secondary seed dispersal by dung beetles on
seed fate and seedling establishment, which occur simultaneously
in the field, and some of which may only be detectable after longer
periods of time (Lawson et al., 2012; Urrea-Galeano et al., 2019a).
So, for example, in the studies mentioned above, the negative
effect of dung beetle activity on seedling establishment might have
been caused by seed burial, and not by the horizontal dispersal of
the seeds. Alternatively, diminished spatial aggregation due to
horizontal dispersal might have positive effects on seedling
survival or growth that are only detectable in the long term.

Aside from the vertical and horizontal movement of seeds by
dung beetles, other more subtle changes in seed location and/or
condition could also affect seed fate (Braga et al., 2017). For
example, seeds are often moved by beetles from an exposed
location on the soil, to a location under the leaf litter (e.g., Zarate
et al., 2019), particularly when moved by rollers. In other cases,
although seeds are not buried by beetles, they nonetheless end up
covered by the soil that beetles excavate when building
underground tunnels and chambers for dung burial (Braga et al.,
2017). It is possible that seeds in these conditions might experience
the positive effect of reduced seed predation and/or improved
microclimate, while avoiding the negative effect of being buried
too deeply to establish as seedlings, but we lack the information to
confirm this. However, a recent study in a Mediterranean savanna
used for cattle grazing, showed that seedling establishment was
much higher for acorns falling on cattle dung than for acorns
falling on the ground, due to the covering of acorns with soil
excavated by dung beetles (Leiva and Sobrino-Mengual, 2022).
Though this phenomenon is not secondary seed dispersal sensu
stricto, given that the acorns where not defecated by cattle but
rather fell from the parental crown on top of a dung pad, the result
is the same as described by Braga et al. (2017) for defecated seeds,
and may be considered as ‘passive seed burial’ by dung beetles
(Leiva and Sobrino-Mengual, 2022).

Another important change in seed condition that is a
consequence of dung beetle activity, though not necessarily
associated to secondary seed dispersal, is the ‘cleaning’ of seeds.
After dung removal by beetles, seeds that are not buried by them
remain on the soil surface, often in the same location of original
deposition, but without dung. We know very little about the
positive and negative effects that the dung surrounding seeds can
have on seeds and seedlings (Traveset et al, 2007) and
consequently we do not know the effects of seed cleaning. The
little information we have for tropical forests, shows that seeds
embedded in dung may suffer higher mortality due to seed
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predators (Janzen, 1982) and seed pathogens (Jones, 1994).
Nonetheless, for seeds defecated by certain mammal species, the
feces may have a protective effect. This possibly occurs in the case
of seeds dispersed by tapirs, as studies have suggested that the
dung of this mammal, which disintegrates slowly, may protect
seeds against desiccation, vertebrate predation, and invertebrate
parasitism (Rios and Pacheco, 2006; Lugon et al., 2017). Even
seeds that are buried by dung beetles may or may not be embedded
in dung, as beetles re-process the dung portions during burial,
often removing seeds, which then remain in the tunnels but not
imbedded in dung (Stanbrook et al., 2017). Buried seeds that are
embedded in dung have been reported to suffer higher seed
predation when compared to buried seeds not surrounded by
dung (Andresen, 1999). On the other hand, seeds buried with the
dung may encounter a boost of nutrients upon germinating,
which might enhance seedling establishment and/or survival
(Traveset et al., 2007). To our knowledge, only two studies have
assessed the latter effects of secondary seed dispersal by dung
beetles, finding a negative effect of the dung on germination
(Fuzessy et al., 2021b) and no effect on seedling establishment
(Griffiths et al., 2016; Fuzessy et al., 2021b). Again, this is a topic
that needs to be investigated further.

Biodiversity studies using dung beetles as
a focal taxon

Since dung beetles were proposed as an ideal animal group for
analyzing and monitoring biodiversity in modified tropical
landscapes 30years ago (Halffter and Favila, 1993), they have
become tremendously popular as a focal taxon in these types of
studies (Nichols and Gardner, 2011; Fuzessy et al., 2021a; Lépez-
Bedoya et al., 2022). More recently, many of these studies have
started quantifying ecological functions of dung beetles, in
addition to community attributes, and assessing the relationships
between both types of variables. While dung removal is the most
frequently measured function (Raine and Slade, 2019), secondary
seed dispersal is now often included in sampling protocols too
(Figure 2; Table 1). In addition to being used as a focal taxon in
applied biodiversity conservation research, beetles are also used
as a model taxon in studies that focus on understanding the
relationship between biodiversity and ecosystem functioning (i.e.,
BEF studies). In these two types of biodiversity studies, researchers
often use seed mimics instead of real seeds, which allows for a
quick and easy quantification of secondary seed dispersal in
experimental mesocosms (e.g., Braga et al., 2013). The caveat,
however, is that it is taken as a fact that secondary seed dispersal
is an ecological function that has positive effects on plant
regeneration, which, as we have seen, is not something that we can
yet generalize. We are not arguing that biodiversity studies using
dung beetles as a focal taxon should stop measuring secondary
seed dispersal, we are merely asking researchers to be prudent
with their justifications and interpretations. Better still, researchers
could use real seeds rather than (or in addition to) seed mimics to
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assess the true effect of secondary seed dispersal on plant
regeneration in their study systems (e.g., Andresen, 2003; Griffiths
etal., 2016).

We have learned interesting lessons from biodiversity studies
using dung beetles as a focal taxon. First, secondary seed dispersal
is often correlated to one or more attributes of the dung beetle
community (e.g., species richness, abundance, biomass, functional
diversity, community weighted means of functional traits, etc.).
However, which community attribute has the strongest
relationship with secondary seed dispersal is still a matter of
contention, and most likely context-specific (Nichols et al., 2013;
Griffiths et al., 2015; Derhé et al., 2016). Second, while secondary
seed dispersal is a consequence of dung removal, these two
functions are not always positively correlated (e.g., Carvalho et al,,
2020). Thus, inferences about secondary seed dispersal should not
be reached based on dung removal rates. Third, methodological
choices may in part be responsible for discrepancies among
studies (Raine et al., 2020). For example, it is common that, in the
same study, different amounts or types of dung are used to
measure secondary seed dispersal and to sample the dung beetle
community, which can create spurious relationships (Nichols
et al., 2013). Furthermore, the dung in pitfall traps remains
attractive during a long period of time (24h or more), whereas
dung piles in secondary seed dispersal experiments are usually
buried within few hours. Consequently, the dung beetle
assemblage captured in a pitfall trap, is probably not very
representative of the assemblage responsible for processing a dung
pile. This problem can be avoided by using modified pitfall traps,
in which beetles are allowed to bury the dung inside the trap
(Culot et al,, 2011), or by using an experimental setup that
captures the individual beetles responsible for processing the dung
and relocating the seeds (Griffiths et al., 2015, 2016). The latter
method is labor-intensive but yields very precise data for relating
community metrics and functions.

Finally, we want to draw attention to the way secondary seed
dispersal is measured in many biodiversity studies, which does not
yield an estimate that is independent of dung removal; this, in our
opinion, is inadequate. Studies usually deploy large piles of dung
(e.g., 100-200g) that contain a known number (or weight) of
plastic beads used as seed mimics. Generally, not all dung has
been removed by beetles by the time secondary seed dispersal is
measured (usually after 24-48h). The remaining dung is then
collected, the beads still imbedded in it are counted, and by
subtraction, all the beads not found in the dung are considered as
having been dispersed by beetles. Sometimes, only beads that are
not on the soil surface are considered as dispersed by beetles, but
the percentages of secondary seed dispersal are still calculated
with respect to the total number of beads originally placed in the
dung pile (e.g., Gomez-Cifuentes et al., 2020), thus yielding an
estimate that is dependent on dung removal. We argue that to have
a measure of secondary seed dispersal that is independent of dung
removal, secondary seed dispersal should only be quantified for
the portion of dung that was buried by beetles. For example, if a
pile of 100g containing 100 seed mimics was used in an
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experiment, and after 48h 70g of dung remained on the soil
surface containing 60 seeds, then secondary seed dispersal should
be assessed for the 40 seeds that were in the 30 g of dung that were
buried by beetles. Then, for those 40 seeds, one should determine
which ones were moved by beetles (horizontally and/or vertically),
and only those should constitute the quantity of seeds dispersed.

Seed banks

As seen in the previous section, dung beetles can affect the fate
of seeds through secondary seed dispersal and through other less
studied mechanisms. For example, as already mentioned, seeds
can be cleaned of dung (Braga et al.,, 2017), covered by excavated
soil (i.e., passive burial; Braga et al., 2017; Leiva and Sobrino-
Mengual, 2022), and in some cases eaten by dung beetles (Pérez-
Ramos et al., 2007, 2013). However, in addition to their effect on
the fate of individual seeds, dung beetles can have community-
wide effects by shaping seed banks.

Seed banks play important roles in driving plant-community
composition and dynamics (Gallagher, 2014). The characteristics
of soil seed banks vary tremendously among ecosystems. While
persistent soil seed banks are common in temperate biomes due
to long dormancies of many seed species, seed banks in tropical
forests tend to be transient, as few plant species have prolonged
dormancy (Garwood, 1989). Thus, the effects that dung beetles
may have on plant communities through their interactions with
seed banks will also differ among ecosystems and regions.
However, we know next to nothing about how dung beetle activity
drives seed bank structure and dynamics, either in tropical forests
or in any other biome, although their potential influence had been
suggested more than once (D’hondt et al., 2008; Pouvelle et al.,
2009; Koike et al., 2012).

Dung beetles could influence seed bank structure and/or
dynamics through at least four potential mechanisms: (1) through
the burial of seeds (either vertical secondary dispersal or passive
burial) they incorporate seeds into the underground layers of the
seed bank (Feer et al., 2013); (2) through their soil-excavation
behavior, they move seeds that are buried in the soil, both upwards
and downwards, which may promote or hinder germination
(Urrea-Galeano et al,, 2019b); (3) through their activity in the
dung-soil interface they create irregularities in the soil surface that
may facilitate the incorporation of small seeds into the soil, either
through gravity or hygroscopic self-burying mechanisms (e.g.,
Verdu et al., 2009); and (4) through soil bioturbation and dung
burial, they may create conditions that stimulate the germination
of buried seeds (Urrea-Galeano et al., 2019Db).

The little we know about the effects of dung beetles on soil
seed banks comes from four studies (five publications) carried out
in the Neotropics (Table 1C). First, a study in French Guiana
described seed bank variability in monkey latrines (i.e., sites in the
understory where monkeys defecate recurrently) associated to
dung beetle activity (Feer et al., 2013). Researchers found that the
abundance and species richness of small seeds buried in the soil
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were higher in latrines vs. non-latrine sites, and higher in latrines
used by monkeys more frequently than those used less frequently.
While the monkeys were responsible for the higher numbers of
seeds reaching the soil surface, the authors argue that it was mostly
due to dung beetle activity that those seeds were buried, and thus
the structure of the seed bank shaped. Through a field experiment,
the authors also found that seed burial activity by beetles was
higher in frequently-used latrines than in those used less
frequently. Though not focused on seed banks, a study in Brazil
and a study in Spain found a similar pattern, with more seeds
buried actively by beetles in monkey latrines (Fuzessy et al.,
2021b), and more seeds buried passively after dung beetle activity
in rabbit latrines (Verdu et al., 2009), than in non-latrine sites.
Overall, it seems that dung beetle activity plays an important role
in shaping the seed banks in mammal latrines, but more studies
are needed.

Second, the other three studies, carried out in different
tropical forests in Mexico, have shown that dung beetle activity
enhances the establishment of seedlings originating from the
natural seed bank (Santos-Heredia and Andresen, 2014;
Ocampo-Castillo and Andresen, 2018; Urrea-Galeano et al,,
2019b). In these studies, mammal dung was placed on the forest
floor inside small circular plots (~ 30 cm diameter) where dung
beetles could enter but were forced (by a small perimeter fence)
to bury all dung within the plot. Control plots had no dung
added to them, and seed rain was excluded from all plots. After
several months, the number of seedlings establishing in plots
with access to dung beetles was statistically higher than in
control plots, in the three studies. While various mechanisms
could be responsible for enhancing seedling establishment from
the seed bank after dung beetle activity, the spatial re-distribution
of buried seeds seems to be one of them, particularly the upward
movement of buried seeds to more superficial layers or even to
the surface (i.e., seed exhumation; Santos-Heredia and Andresen,
2014; Santos-Heredia et al., 2018). To test this mechanism, in one
of these studies, seeds of two plant species were buried at known
depths (3-10cm) in experimental cylinders, a dung pile was
placed on the soil surface and beetles were allowed to bury the
dung (Urrea-Galeano et al., 2019b). In these cylinders, compared
to the two controls (no dung added, and dung added but beetles
excluded), seedling establishment was higher. Overall, there
seems to be enough evidence to suggest that dung beetle activity
affects tropical seed bank dynamics by promoting the
germination of buried seeds, but again, more studies are needed
to assess the generality of this effect and to determine the specific
mechanisms driving it.

Plant performance

When dung beetles bury feces, they fertilize and
bioturbate the soil. These actions modify the chemical,
biological and physical properties of the soil (e.g., higher
availability of nutrients, increased aeration and permeability,
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enhanced microbial activity, etc.), which in turn may improve
plant nutrient uptake and plant productivity (see references
in Nichols et al., 2008 and in Scholtz et al., 2009). Evidence
for these effects comes from greenhouse studies and
controlled field experiments with crops and/or temperate
grasslands (Table 1D). In tropical forests, it has generally been
assumed that similar positive effects on plants must also
occur, but until recently no study had tested this assumption.

In a study in Brazil, researchers found that for one plant
species, seedlings established from seeds buried by dung
beetles survived better in plots where dung beetles had buried
dung, compared to plots where dung was added but beetles
were excluded (Griffiths et al., 2016). That same year, a study
in Mexico found that seedlings of one plant species established
in the
concentrations in their leaves in plots where beetles buried

forest understory had higher phosphorous
small dung piles placed at their base, compared to seedlings
in plots with no dung, and in plots with dung added but
beetles excluded (Santos-Heredia et al., 2016). These studies
gave us the first data suggesting that dung beetle activity
might change the soil environment in a way that favors
nutrient uptake and survival of seedlings established in the
tropical forest understory. To gather more evidence, a third
study in a different Mexican rainforest assessed the effects of
dung beetle activity for the seedlings of six plant species,
measuring foliar nutrients, growth, and survival (Urrea-
Galeano et al., 2021). However, contrary to the previous
results, no positive effect of dung beetle activity was detected
for any of the variables in any of the seedling species.
Furthermore, a negative effect of dung beetle activity was
found for seedling growth. So, back to ground zero.

Whether dung beetle activity, through soil fertilization
and/or bioturbation, has positive effects on the performance
of tropical forest plants remains an unanswered question. At
this point, to guide future studies, we can only summarize
some recommendations that have been previously voiced by
us or others (Nichols et al., 2008; Griffiths et al., 2016; Santos-
Heredia et al., 2016; Urrea-Galeano et al., 2021): (i) to avoid
extrapolating into natural conditions of tropical forests,
results obtained in other study systems and regions; (ii) to
carry out field experiments in tropical forest that would allow
us to distinguish the effects that dung beetle activity has
through fertilization vs. bioturbation on plant performance;
(iii) to empirically measure the changes that feces burial by
beetles causes in the tropical forest soil (i.e., physical,
chemical, and biological changes) to better understand the
mechanisms driving plant responses; (iv) to measure other
responses in plants, such as herbivory and pathogen attack,
since these plant antagonists are known to prefer plants with
higher nutrient content; (v) to replicate these studies in
forests that vary in soil characteristics (e.g., soil fertility, soil
compaction, texture), and with plant species that differ in
their functional traits (e.g., seed reserves, shade tolerance).
There is much work to be done here.
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Conclusion

To conclude, we want to emphasize two interrelated take-
home messages. First, dung beetles are very abundant in tropical
forests, and the large amounts of dung produced by forest
mammals are buried by them within hours (Hanski and
Cambefort, 1991). Thus, the impact that dung beetles can have
on plants, through their direct and indirect interactions with
seeds, seedlings, and even mature individuals, is potentially
large. It has been suggested that, given the patchy distribution
of mammal feces, dung beetles probably contribute to creating
spatial heterogeneity in soil conditions and plant regeneration
niches, and may even facilitate the co-existence of plant species
(Nichols et al., 2008; Griffiths et al., 2016; Urrea-Galeano et al.,
2019b). However, we still lack the necessary information that
would allow us to estimate the true ecological impact of dung
beetle interactions with tropical forest plants. Second, dung
beetles have become a tremendously popular focal taxon in
biodiversity studies that assess the effects of anthropogenic
disturbances in tropical forests. The use of dung beetles is often
justified by the ecological functions attributed to them,
including their potentially positive effects on plants. These
ecological functions can be services of huge economic impact
in agricultural systems (e.g., Lopez-Collado et al., 2017), and so,
much of what we know about dung beetle functions comes from
such systems. However, except for secondary seed dispersal,
we have neglected to accurately quantify the ecological
consequences that dung beetle activity has in tropical forests. It
is important to fill these gaps because we know that dung beetle
communities vary tremendously among ecosystems, regions,
and continents (Hanski and Cambefort, 1991), and that so do
the ecological impacts of their activity (e.g., Milotic¢ et al., 2017,
2019). Thus, as previously stressed, extrapolating results among
regions and study systems is problematic and should be avoided
(Slade et al., 2011; Koike et al., 2012; Grifhiths et al., 2016; Urrea-
Galeano et al.,, 2021). We finish with an invitation for young
researchers to tackle the many questions that remain
unanswered in the fascinating network of interactions between
mammal dung, dung beetles, soil, and plants.
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