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Supplementary Material S1: Rationale of selected and measured functional traits

Dung beetle species were characterized by means of 18 functional traits: fresh body
mass (quantitative), six morphological body measures (quantitative), four morphological
traits of mouthparts (three quantitative and one qualitative) and eight bionomical traits
(one quantitative and seven qualitative). Below, we list the functional traits used, their
functional significance, the measurement or collection methods used to obtain the data
and the number of specimens used to obtain the average value of the trait. The morpho-
logical traits were measured by means of the Leica Application Suite software coupled
with the Leica M205 C stereo microscope. In order to obtain the average species value for
each morphological trait, we randomly selected and measured ten individuals of each
species, except for Trypocopris vernalis apenninicus Mariani, 1958, of which only four spec-
imens were measured. To avoid any bias due to sexual dimorphism, only females were
used (when available). The bionomical traits were obtained from the literature, expert
communications and personal observations.

1) Fresh body mass

Fresh body mass is one of the most important functional traits. It is related to the
quantity of buried dung (Nervo et al., 2014), metabolic rate (Davis et al., 1999), thermoreg-
ulatory pattern (Verdu et al., 2006) and competition (Horgan and Fuentes, 2005). Its rela-
tionship with all these parameters defines the functional niche of the species with a strong
potential influence on functional diversity. Fresh body mass was measured by weighing
live dung beetles with a high-precision scale with 0.1 mg accuracy. We weighed ten spec-
imens for each species (when possible), without separating males and females. Fewer than
10 specimens were weighed for the following species: Agrilinus convexus (4), Caccobius
schreberi (6), Esymus merdarius (7), Esymus pusillus (8), Nimbus obliteratus (5), Onthophagus
coenobita (5), Onthophagus grossepunctatus (4), Sigorus porcus (4), Trichonotulus scrofa (6) and
Trypocopris vernalis apenninicus (4).

BODY’S MORPHOLOGICAL TRAITS

1) Sphericity

It is a proxy of dung beetle shape. Shape is an important factor in determining the
functional niche of dung beetles by means of resource partitioning. (Herndndez et al.,

3((b\ ,c
2011). This trait was calculated by the formula of Sneed and Folk (1958): (a) (E) 3

where a = maximum length, b = maximum width, ¢ = maximum depth of profile.

2) Head area/total area ratio

This trait can have a functional implication due to the use of the head during burying
behavior or dung disruption.

3) Hind tibiae length

This is an important functional trait because it appears to distinguish the telecoprid
Scarabaeinae, which shows a longer hind tibia for modeling and rolling the dung ball
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(Inward et al., 2011). This trait was measured as the linear length from femur-tibiae artic-
ulation to the distal part of the tibia.

4) Metamesosternal area

It is an indirect trait reflecting the flight capacity of the species because it is linked to
the insertion of flight muscles.

5) Abdomen length

This trait is an indirect measure of digestive system length (midgut + hindgut), which
may be related to the trophic niche of the species and its digestive capacity (Holter and
Scholtz, 2013).

6) Wing load

This trait was measured as the ratio of fresh body mass to total wing area (mg/mm?).
This trait is strongly linked to the dispersal capacity of each species, disentangling the
foraging strategy (cruise flight vs. perching) (Peck and Forsyth, 1982; Howden and Nealis,
1975, 1978; Larsen et al., 2008; Silva and Hernandez, 2015) and the habitat colonization
capacity of the species (Barnes et al., 2014). Moreover, this trait is strongly linked to dung
beetle thermoregulatory performances (Merrick and Smith, 2004; Verdu et al., 2004).

MORPHOLOGICAL TRAITS OF MOUTHPARTS!

1) Number of teeth in the mandibles profile

When a sclerotized area in the distal lobe of the mandible was found, we further
characterized this trait by counting the number of teeth that form this area. This trait may
be an indication of hard resource exploitation performance (Figure S1).

2) Conjunctive/total mandible area ratio

Madle (1934) asserts that the conjunctive is a system of salivary channels, while Miller
(1961) hypothesized that the “flexible area of the mandible”, i.e., the conjunctive, “cush-
ions” the grinding action and permits independent movements of the molar lobes “while
the mandibles are in the closed position”. However, even though the functional signifi-
cance of the conjunctive is debated and needs further investigation (Holter, 2004), the
presence of conjunctives in all the coprophagous taxa, and their absence in practically all
other scarabeids (Nel and Scholtz, 1990; Holter, 2004), makes this trait of great interest, at
least from a heuristic standpoint. Indeed, Holter and Scholtz (2011), demonstrated a
strong reduction in the conjunctive in pellet feeders compared to wet-dung feeders (Fig-
ure S1).

3) The percentage of filtering/masticator area of mandibular molars

We differentiate the area of the mandibular molar area into filtering and masticator
areas based on the degree of sclerotization and the directionality of transverse ridges. Alt-
hough Holter (2000) and Holter et al. (2002) assert that molars of dung beetle do not
achieve any grinding, Verdu and Galante, (2004) found a strongly developed masticator
area in the mandibular molars of hard-feeding dung beetles (Figure S1).

4) Zygum

The zygum is the central apical part of epipharynx, and it is formed by setae, which
were categorized depending on their adaptation toward a hard-feeding diet: 1) underde-
veloped, 2) developed and 3) strong prolongation of spatula-shaped epizygum (Verdu
and Galante, 2004) (Figure S1).

! The morphology of mouth parts is an important trait that can divide dung beetles into different trophic niches by enabling them

to feed or preventing them from feeding on particular trophic resources. Some studies show that variations in the morphology of

denticles of mandibles, molar areas, paraglossae, setae of zygum, setae of acropariae and zygum, may differentiate between “soft-

diet consumers” and “hard-diet consumers” (for more details on mouthpart morphology, its ecological significance and dung beetle
feeding behavior see: Madle, 1934, Halffter, 1961; Halffter and Matthews, 1966; Biirgis, 1982a, 1982b, 1984a, 1984b; Verdu1 and Galante,
2004; Dellacasa et al., 2010; Miller, 1961; Hata and Edmonds, 1983; Nel and De Villiers, 1988; Browne and Scholtz, 1999; Nel and
Scholtz, 1990; Bai et al., 2015; Holter, 2000, 2004; Holter et al., 2002; Holter and Scholtz, 2011; Lépez-Guerrero and Zunino, 2007).
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Figure S1. Morphological traits of mouthparts. Example from Geotrupes spiniger (Marsham, 1802). (A) Mandible and molar
area: (1) sclerotized area of the mandible profile (incisor lobo with one tooth); (2) total mandible area; (3) conjunctive; (4)
masticator area of the mandibular molar; (5) filter area of the mandibular molar. (B) Hypopharynx; (C) Epipharynx: (1)
Zygum; (2) Acropariae.
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BIONOMICAL TRAITS

1) Trophic diversity

Due to the high complexity of the trophic preferences of dung beetles (Barbero et al.,
1999; Dormont et al., 2004, 2007, 2010; Errouissi et al., 2004), and their capacity to exploit
a range of resources, even resources that are very different from one another (Palestrini
and Zunino, 1985), we used an index that represents both the number of aliments that one
species may exploit and the qualitative divergence among these aliments. To do this, we
developed a hierarchical classification of dung beetle aliments mainly based on their
origin and physical conformation (Table S1). For each species, we determined whether or
not the trophic resource is used (1,0) based on bibliographical and expert information.
Then, we calculated the trophic diversity of each species using an index of taxonomic di-
versity: the average taxonomic distinctness (A+) (Clarke and Warwick, 1998a, 1998b, 2001;
Warwick and Clarke, 1995, 1998). This measure takes into account the trophic level to
which any two species are related, and it can be thought of as the average length between
any two randomly chosen species present in the sample. Hence, each species was charac-
terized by a measure that takes into account the quantity of trophic resources exploited
and their divergence in the hierarchical classification.

Table S1. Hierarchical classification of dung beetle trophic resources used to calculate the trophic
diversity index.

Hierarchical level Species (0,1)
Fruits
Live Fresh Flowers
resource
Mushrooms
. Not Decomposed Decayed plants and n-lushrooms
ingested Decayed fruits
Mass Bovine dung
No Ruminants Ovine, caprine and
. Pellets .
animal cervid dung
origins Camelid and giraffid
Mass
Semi-ruminants dung
Camelid and giraffid
Ingested Pellets
Food dung
Death Mass Equine dung
M tri Rodent and
onogastrics Pellets odent an
Lagomorph dung
Carnivorous and . .
) Carnivorous and omnivorous dung
omnivorous
Big size Big;eritizl;rate
Animal Not Vertebrates
.. . . Small vertebrate
origins ingested Small size .
carrion
Invertebrates Arthropod carrion
Fresh
Live res Invertebrates Arthropod predation
resource
2) Nest type

Due to the high variability of nests (Chapman, 1869, 1870; Halffter and Matthews,
1966; Halffter and Edmonds, 1982; Bornemissza, 1969, 1971; Borghesio and Palestrini,
2002; Brussaard, 1985, 1987; Kirk, 1983; Klemperer, 1978, 1979, 1980, 1981, 1982a. 1982b;
Kiihne, 1995, 1996; Lumaret, 1975, 1983; Palestrini and Barbero, 1994; Rojewski, 1983;
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Romero-Samper and Martin-Piera, 2007; Yoshida and Katakura, 1992; Zunino and Bar-

bero, 1990; Goidanich and Malan, 1964), we differentiated the nester species based on the

dung manipulation (masses or balls), nest location (within dung or underground) and

nest complexity (simple or compound). The following categories were identified:

No-nester

Nest composed of a single brood mass located within the excrement;

Nest composed of several brood masses located within the excrement;

Nest composed of a single brood mass located underground in a simple nest;

Nest composed of several brood masses located underground in a simple nest;

Nest composed of several isolated brood masses located underground in a com-

pound nest;

6. Nest composed of several brood masses per chamber, located underground in a com-
pound nest;

7. Nest composed of a single brood ball located underground in a simple nest;

Nest composed of several isolated brood balls located underground in a simple nest;

9. Nest composed of several brood balls per chamber located underground in a simple
nest;

10. Nest composed of several isolated brood balls located underground in a compound
nest;

11. Nest composed of several brood balls per chamber located underground in a com-
pound nest.

3) Nest depth

Due to the great variability in nest depth even in species with the same nesting pat-
tern, we differentiated the species based on nest depth into: 0) within excrement, 1) dung-
soil interphase, 2) little depth and 3) great depth.

4) Horizontal nest distance

Based on the horizontal distance of the nest relative to the food source, we defined
four categories: 0) within food source, 1) starting within food source but with a horizontal
extension, 2) a short distance out from the food source and 3) a great distance out from
the food source.

5) Nesting patterns

Following the classification of Doube (1990), with some modifications (Tonelli, 2021),
we identified the following categories based on nesting behavior and beetle-resource in-
teraction and spatial relationships:

1. Telecoprid 1: large-sized beetles which produce brood balls and show a high interac-
tion with the excrement (i.e., Scarabaeus, Kheper, Malagoniella, Megathopa etc.);

2. Telecoprid 2: medium-little sized beetles which produce brood balls and show a high
interaction with the excrement (i.e., Gymnopleurus, Sisyphus, Canthon etc.);

3. Telecoprid 3: species not producing brood balls but relocating small-sized dung (rab-
bit, goat, llama, mara, etc.) without dung molding (i.e., Eucraniina, Thorectes, Jekelius,
etc.);

4. Telecoprid 4: species not producing brood balls but relocating small pieces of big
dung pats (cow, horse, etc.) without dung molding (i.e., Bolbites, Chalcocopris, Trypoc-
opris, etc.);

5. Paracoprid 1: large body size species burying dung rapidly and at great depth (= 50
cm) (i.e., Copris, Bubas, etc.);

6. Paracoprid 2: large body size species burying dung slowly and at great depth (= 50
cm) (i.e., Onitis, etc.);

7. Paracoprid 3: small body size species burying dung slowly and at shallow depth (<
30 cm) with well-developed brood mass (i.e., Onthophagus);

8.  Paracoprid 4: small body size species burying dung slowly and at shallow depth (<
10 cm) without well-developed brood mass (i.e., Aphodius);

9. Endocoprid 1: brood balls developed within dung pat (i.e., Eurysternus, Canthon,
Oniticellus, etc.);

S
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10. Cleptocoprid: use of brood masses/balls of other species (i.e., Aphodius sensu lato, On-
thophagus sensu lato, Caccobius sensu lato, etc.);
11. No-nest building: eggs are laid within dung pat without brood ball construction (i.e.,
Aphodius, Trichillum, Pedaridium, etc.).
6) Daily activity
Based on its daily activity pattern we categorized the species as either 1) diurnal or
2) crepuscular/nocturnal.
7) Phenology
Because of the strong seasonality of the dung beetle species, we identified the follow-
ing phenological patterns based on species activity:

Autumn, winter and spring;
Winter and spring;

Spring;

Winter, spring and summer;
Spring and summer;
Summer;

Spring, summer and autumn;
Summer and autumn;
Summer, autumn and winter;
Spring and autumn;
Autumn;

Autumn and winter;

Winter;

All year.

0PN W=

o e Y
= LW = o
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