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Dung beetles display complex reproductive behaviors involving sexual findings, sexual recognition, fighting for mates and food used for nesting, sperm competition, and parental care. Over the past 40 years, significant advances have been made regarding the knowledge of various aspects of the sexual and nesting behavior of Neotropical dung beetles. However, human activities modify the natural habitats of dung beetles at an alarming rate, affecting food availability and altering the ecological functions performed by the species in their different habitats. A deeper understanding of the reproductive behavior of dung beetles may contribute significantly in understanding the evolutionary diversification of these insects and their response to environmental changes. The present study reviews and analyzes studies regarding the sexual and reproductive behavior of Neotropical dung beetle species under field and laboratory conditions. We gathered 132 studies and 146 species; 42% of the available data were based on field observations, 23% on laboratory observations, 30% under both field and laboratory conditions, and 5% unspecified. Our review detected significant knowledge, geographic, and habitat gaps regarding the reproductive behavior of Neotropical dung beetles. Based on our findings, we propose future research goals and alternative methods to measure the behavioral responses of Neotropical dung beetles to the impacts of human activities.
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Introduction

Dung beetles (Coleoptera: Scarabaeidae: Aphodiinae and Scarabaeinae, and Geotrupidae) are evolutionarily related species that use dung, carrion and decomposing fruits as organic sources for feeding and reproduction (Halffter and Matthews, 1966; Halffter and Edmonds, 1982; Hanski and Cambefort, 1991; Scholtz et al., 2009; Simmons and Ridsdill-Smith, 2011). According to how they handle the food resource and the structure of the nests they construct, Halffter and Matthews (1966) established four nesting groups (I-IV). Later, Halffter (1977) and Villalva et al. (2002) mentioned two evolutionary nesting lines closely related to the food resource they consume: burrower and roller beetles, also referred to as paracoprids and telecoprids, respectively. According to Halffter (1977) and Halffter and Edmonds (1982), there are seven nesting patterns in the Scarabaeinae (I to VII), whereas the Geotrupidae displays only the nesting pattern I, and most Aphodiinae are non-nesters.

Nesting patterns I, II, and III are observed in burrower beetles that construct underground nesting galleries, generally below or to one side of the food source, where they accumulate and manipulate food for their young. Simple underground nests contain only one brood mass or ball in each gallery, while compound nests contain two or more brood masses or brood balls per gallery. Typically, each brood mass or brood ball contains only one egg. In pattern I, the female leaves the nest after the egg is laid in the brood mass; a female can construct several brood masses. In the species showing pattern II, the female adds a layer of soil to the food after oviposition, which can be several millimeters thick, forming a brood ball, and then abandons the nest. The nest can contain up to two or three brood balls. Pattern III includes species in which the female builds nests with several brood balls and cares for them during the larval development of the progeny (Figure 1).
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FIGURE 1
 Nesting patterns I, II, and III (sensu Halffter and Edmonds, 1982).


Patterns IV and V (Halffter and Edmonds, 1982) group roller beetles in which the male makes a food ball of dung or carrion from the food source, attract a female and rolls the food ball, with the female transported on the ball some meters away from the food source where the nest will be established. While searching for food, mate, and rolling, males fight for food balls and females. The patterns of roller beetles are differentiated by the complexity of the nesting behavior of both males and females (Figure 2). Pattern IV groups species that build simple nests, formed by one brood ball that may or may not be covered by a layer of soil after oviposition and that are abandoned by the female. In nesting pattern V, the female builds several brood balls from a single ball. Each ball is covered with a layer of soil, and the egg is laid in a chamber built by the female at the apical section of the brood ball (Figure 2; Halffter and Edmonds, 1982; Cambefort and Hanski, 1991; Halffter, 1997; Simmons and Ridsdill-Smith, 2011; Halffter et al., 2013). After brood balls are built, the female takes care of the nest during larval development; the male also stays in the nest, protecting the brood ball and the female, avoiding other males from mating it (Favila et al., 2005). In pattern VI, the female makes brood balls built directly at the food source. Most of the species of the genus Eurysternus Dalman belong to this pattern, which usually displays maternal care (Huerta et al., 2003). Within the Scarabaeinae, the members of the Eucraniini tribe, which are endemic to the arid and semi-arid zones of Argentina, were considered rollers by Monteresino and Zunino (2003) (named telephagic and telecoprid by these authors). However, these dung beetles neither make nor roll balls, so they were not grouped in the nesting patterns established by Halffter and Edmonds (1982). Currently, little is known about their reproduction (Figure 3).
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FIGURE 2
 Nesting patterns IV, V, and VI (sensu Halffter and Edmonds, 1982).
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FIGURE 3
 Nesting pattern for Eucranium Brullé (modified from Monteresino and Zunino, 2003).


After the hatching or emergence from the brood balls or nesting balls, adults are immature (tenerals), and the pre-reproductive period begins, during which adult beetles primarily search and fight for food and also feed. According to Zunino and Palestrini (1986) and Tonelli (2021), young adults feed in different ways: (a) directly above the food source (epiphagic behavior); (b) within the food source (endophagic behavior); (c) under the food source (mesophagic behavior); (d) burying the food in underground galleries to consume it subsequently (hypophagic behavior), and (e) making food balls that are first rolled some distance away from the food source, then buried, and later consumed (telephagic behavior). Throughout the pre-reproductive period, predominate feeding behavior, but there are various aggressive intra- and interspecific interactions, in addition to sexual interactions, including copulation at the end of this period. The pre-reproductive period, which varies according to the species, is followed by the reproductive period. In the subfamily Aphodiinae, some species do not build nests but lay their eggs directly in or under the food; larvae are free-living and directly consume the food source (Halffter and Edmonds, 1982; Hanski and Cambefort, 1991; Nichols et al., 2008; Huerta et al., 2013; Tonelli, 2021). Most Geotrupidae and Scarabaeinae species build nests during this stage. The post-reproductive stage has been little studied in coprophagous beetles, mostly under laboratory conditions; it is known that old individuals have limited activity and ultimately die.

According to Halffter and Matthews (1966), most nesting patterns of Neotropical dung beetle species (non-nesting, paracoprid and telecoprid) are well-represented and can be found in different habitats. However, while the reproductive behavior (including nesting patterns) of some dung beetle species has been studied in great detail, these are usually isolated efforts involving a set of model species (e.g., Canthon cyanellus, Eurysternus, Copris incertus; see Huerta and Halffter, 2000; Huerta et al., 2003, 2005; Favila et al., 2012). Thus, the current state of knowledge on the reproductive behavior of dung beetles in the Neotropics is still to be determined. We aim to review studies regarding the sexual and reproductive behavior of Neotropical dung beetle species under field and laboratory conditions. Our research will contribute to systematizing the information available to date, as well as to guide future research efforts, especially in those tribes or regions with significant information gaps.



Materials and methods


Literature search

The database was constructed through a systematized search of peer-reviewed papers on Web of Science (WoS) regarding the reproductive behavior of Neotropical dung beetles. The search was conducted in the second semester of 2022, covering articles published between 1980 and 2022. We employed the following search terms across the title, abstract, and keywords of each paper: [“dung beetle*” OR Scarabaeinae OR Aphodiinae OR Geotrupidae) AND (“reproductive behavior*” OR reproduct* OR etholog* OR behavior* OR “reproductive success” OR mating* OR “mating success” OR competition OR combat OR contest) AND (nest* OR nesting OR “nesting behavior” OR “resource reloca*” OR “food reloca*” OR “resource reloca*” behavior OR “resource reloca* behavior”].


Inclusion criteria and screening protocol

The WoS search retrieved 117 articles, of which we included only those meeting the following criteria: (1) the study should be based on species of the subfamily Scarabaeinae, Aphodiinae, or the family Geotrupidae; (2) the study should be conducted within the Neotropics, including also the North of Mexico, and the Andean region (sensu Morrone et al., 2022), with species native to the region; (3) the study should evaluate behaviors associated with at least one of the three main reproductive stages of beetles: pre-reproduction, reproduction, or post-reproduction. Behaviors associated with the pre-reproductive stage include rolling, construction, excavation of galleries, food relocation, and some reproductive behaviors such as courtship, competition/combat (intra- and intersexual competition), and copulation. Regarding the reproductive stage, we considered female–male behaviors associated with building nests and nesting galleries, as well as rolling and fighting behaviors that may emerge between individuals trying to obtain food resources for nesting, sperm competition, and female selection. The behaviors observed and recorded after reproduction were considered post-reproductive stages. After reviewing the abstracts and titles of the full WoS search results, we selected 35 articles for a full review. The database was supplemented with 97 articles from the authors’ library, as these journals lacked a digital repository or the papers were published before 1980 (Supplementary Table S1).



Data extraction

We extracted the following data from the selected literature: (a) the taxonomic identity of each dung beetles species studied (current names of species were used in case of synonyms or new combinations, Supplementary Table S2); (b) study location, including locality and country; the environment and known food resources of each species (Supplementary Table S3); (c) copulation data observed in different Scarabaeinae species, including duration, location relative to the food ball, and life stage; (d) average duration of nest care and preimaginal development (egg, larvae, pupa, and imago emergence) observed in different Scarabaeinae species; (e) fecundity data of different Scarabaeinae species, including the number of nests or galleries during lifetime, the average number of balls or masses per nest and the number of balls or masses during lifetime; (f) nest characteristics of Scarabaeinae and Geotrupidae (structure, complexity, and location relative to the surface and the food source); (g) male/female nesting behavior (food provisioning, excavation, brood construction, and care); (h) nesting pattern (Supplementary Table S4); (i) Aphodiinae reproductive behavior and preimaginal development data.





Results

We reviewed 132 publications and 146 species associated with at least one of the three reproductive stages: pre-reproductive, reproductive, or post-reproductive. Species were evaluated based on the different recording techniques used, of which 42% were field observations, 23% were laboratory observations, 30% were studies performed under field and laboratory conditions, and 5% did not specify the conditions under which the study was carried out.

Observations associated with the pre-reproductive behavior were mentioned in 100 studies containing 101 species records. We found 119 studies with 132 species focused on reproductive observations, such as those associated with nest building and behaviors that may arise from the defense of limited resources (e.g., food and females). Only 40 papers (30%) included observations related to the post-reproductive stage in 18 species.


Study locations

Studies on various aspects of the reproductive behavior of the Scarabaeidae (Aphodiinae and Scarabaeinae) and Geotrupidae were conducted in 15 countries, ranging from Mexico to Argentina (Figure 4). The recorded species were found mainly in three countries: Mexico (38%), Argentina (28%), and Brazil (21%). The remaining countries had less than three species analyzed (Table 1).

[image: Figure 4]

FIGURE 4
 Study locations in countries of Latin America regarding the reproductive behavior of Aphodiinae, Scarabaeinae, and Geotrupidae.




TABLE 1 Paper records on the reproductive behavior of Aphodiinae, Scarabaeinae, and Geotrupidae, according to country, locality, tribe, and study species.
[image: Table1]

The diversity of localities followed the same order mentioned by country. In Mexico, most of the localities referred to in the studies correspond to 16 states, mainly Veracruz, Chiapas, and the State of Mexico. In Argentina, we recorded 11 provinces, including La Rioja, Jujuy, and San Luis. Brazil included seven states, of which São Paulo and Minas Gerais were most frequently mentioned. Colombia and Uruguay had five and four departments, respectively. For each of the remaining countries, only one or two localities are cited (Figure 4).

Considering the family or subfamily of the beetles evaluated, Scarabaeinae was the most studied group in almost all countries, followed by Aphodiinae, studied only in Mexico and Uruguay, and Geotrupidae, studied only in Mexico and Chile. At the level of the Scarabaeinae tribes, Deltochilini was studied in nine countries, followed by Phanaeini in eight countries, and Dichotomiini, Oniticellini, and Onthophagini in six countries. The Eucraniini tribe was studied exclusively in Argentina, and Coprini in Mexico (Table 1).

Among the Scarabaeinae genera, Canthon Hoffmannseg was the most represented, with 22 species in five countries, followed by Onthophagus Latreille with 13 species distributed in six countries, Eurysternus Dalman with 10 species in six countries, Deltochilum Eschscholtz with nine species in five countries, and Dichotomius Hope with nine species in four countries (Table 2).



TABLE 2 Number of species by genus in the studied environments.
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Habitats

The habitats where dung beetles display their feeding or reproductive behaviors were mentioned for approximately 97% of the recorded species (Table 2). About half of these species live in native or introduced open environments, such as grasslands in tropical and temperate zones of Mexico, the Pampean region and grasslands of Uruguay, the steppes of Argentina, and the savanna of Brazil. In multiple studies (64%), specimens were collected in fields or pastures dedicated to livestock raising. The species studied within grassland ecosystems were mainly burrower Scarabaeinae (36), with type I, II, or III nesting patterns. Studies on the behavior of roller and non-nesting Aphodiinae species in grasslands were lower (11 and 9, respectively; Table 2; Supplementary Table S3).

Behavioral studies on species collected in forest environments represent one-third of the total; these forest ecosystems include tropical rain forests, temperate mountain forests, or xeric forests, and fruit or forest plantations. Among the species of Scarabaeinae studied in forest ecosystems, 28 were burrower species, and 24 were roller species. A small proportion of all studied species (less than 10%) were recorded in a variety of habitats including native forests, grassland environments, and silvopastoral systems (i.e., Canthon virens (Mannerheim) and Diabroctis cadmus Harold (Forti et al., 2012; Halffter et al., 2013; Murillo-Ramos et al., 2016). Similarly, Canthon cyanellus cyanellus LeConte (Martínez, 1992a,b), and C. imitator Brown (Martínez et al., 2019) were collected in both tropical forests and neighboring pastures or crops. The burrower species Onthophagus curvicornis Latreille (Montes-Rodríguez, 2017), Ceratotrupes fronticornis (Erichson; Ramírez-Restrepo and Halffter, 2016), and Dichotomius satanas (Harold; Barretto et al., 2021a,b), which generally occurs in forest environments, also display their activities in pastures dedicated to livestock raising, crops, and even in urban or semi-urban areas. Finally, the tribe Eucraniini represented about 10% of the recorded species studied. These are exclusive burrowers of arid and semi-arid environments, endemic to the northwestern region of Argentina (Zunino et al., 1989; Monteresino and Zunino, 2003; Ocampo, 2005, 2010; Ocampo and Philips, 2005).



Feeding, gallery construction, and food relocation

Coprophagous burrower beetles may feed directly on food or build subterranean galleries to store and later consume the resource during the pre-reproductive stage (Halffter and Matthews, 1966; Halffter and Edmonds, 1982; Halffter et al., 1985; Hanski and Cambefort, 1991; Ocampo and Hawks, 2006; Scholtz, 2009). The pre-reproductive behavior has been studied in detail in eight species of Phanaeus (Halffter et al., 1974; Halffter and López, 1977; Price and May, 2009; Huerta et al., 2010). These Phanaeus species roll pieces of food some distance away from the source, pushing them with the head and forelegs (butting behavior), then burying them in a feeding gallery for subsequent consumption. According to Huerta and Halffter (2000), in three species of Copris Müller (C. armatus Harold, C. lugubris Boheman and C. incertus Say) during the feeding stage, males preferentially store food in sausage-shaped galleries, while females accumulate food masses or nest cakes in subterranean chambers, rather than galleries.

Coprophagous and necrophagous roller species cut and transport a food ball at different distances from the food source, which is used for feeding by sexually immature beetles or nesting by sexually mature beetles (Matthews, 1963; Halffter and Matthews, 1966; Halffter and Edmonds, 1982). During rolling, the beetle pushes the ball with the hind and middle legs; the forelegs are applied on the ground to move the ball. This rolling position is known as the pushing position (Halffter and Matthews, 1966). Most Neotropical species move food by the pushing position. During rolling, the food ball is covered by a layer of soil to avoid its drying out and the arrival of other competitors; in addition, the food ball is protected by chemicals from the exocrine glands of the abdominal and pygidia region of the beetles (Bellés and Favila, 1983; Pluot-Sigwalt, 1988a,b, 1991). The substances released by these glands play multiple functions: defense against competitors such as flies; fungicides or fungistatic; pheromones, and prevention of food decomposition, allowing its consumption by larvae in the brood ball (Favila et al., 2012). However, various species of the genus Canthon (e.g., C. septemmaculatus, Latterille, C. tristis, Harold, C. obliquus Horn, C. edentulus Harold) and Deltochilum orbignyi Blanchard form the food ball but do not roll it; instead, they bury it shallowly below the food source (Halffter and Matthews, 1966; Halffter and Halffter, 1989; Halffter et al., 2013). Eurysternus species are considered roller beetles; however, they feed and nest directly below the food source during the pre-reproductive and reproductive stages, respectively (Huerta et al., 2003).



Male competition for food and females

Studies on male competition for food or potential nesting partners are scarce in Neotropical coprophagous dung beetles. Studies on fights between females for food resources are even scarcer. Fight dynamics during the pre-reproductive and reproductive stages have been mentioned or addressed in field and laboratory studies of only six species: Phanaeus tridens, Laporte, Onthophagus acuminatus, Harold, Canthon quinquemaculatus, Laporte, C. lituratus, Germar, C. bispinus Germar, and C. cyanellus (Halffter and Edmonds, 1982; Favila, 1988; Favila and Díaz, 1996; Rodrigues and Flechtmann, 1997; Price and May, 2009; Halffter et al., 2013; Cantil et al., 2014b; González-Vainer, 2015; Salomão et al., 2019).

Pre-reproductive field records on the combat behavior between Phanaeus tridens males showed that the winner joins a female, pushing and burying the excrement fragment next to her. Male fights associated with food thievery, gallery invasion and fights between females have been documented in this species (Halffter and Edmonds, 1982; Price and May, 2009). Different fighting strategies for the gallery and the female have been observed in Onthophagus acuminatus, where the male owner guards the gallery entrance against intruders and periodically patrols along the tunnel (Emlen, 1997). The owner male fighting to defend the tunnels is horned and mates repeatedly with the occupant female. Intruder males can confront the owner and fight until one of them leaves the tunnel. However, hornless intruder males can also sneak inside, avoiding the guarding male. The intruder male digs side tunnels that intersect guarded tunnels and stealthily copulates with the female of the nest-owning male (Emlen, 1997). The guarding male can catch sneaking males before encountering the female. In this case, sneaking males return to their side tunnels or build new tunnels and remain inactive for several hours, but later they attempt to enter the primary tunnel again in search of the female (Emlen, 1997).

Regarding Canthon quinquemaculatus and C. lituratus, the theft or splitting of the food ball during rolling has been frequently observed. Specifically, in C. quinquemaculatus a case is mentioned where the male rolling the food ball with a female was displaced by the intruder and the female that was rolling with the owner male remained with the thief (Rodrigues and Flechtmann, 1997; Halffter et al., 2013; Cantil et al., 2014b). In C. bispinus, intrasexual fights for the food ball were recorded during the food ball rolling and burying by male–female pairs (González-Vainer, 2015).

Fights in Canthon cyanellus have been extensively documented in field and laboratory studies. Fights occur mainly between males during the breeding season; intruder males attempt to steal the food ball and the female is transported by an owner male to the nesting site (Favila and Díaz, 1996; Chamorro-Florescano and Favila, 2008). Differences in body size and the reproductive status of females and males (virgins or with previous nesting) influence the fighting success between contestant males for the females transported in the food ball (Chamorro-Florescano and Favila, 2008; Chamorro-Florescano et al., 2011). In Copris laeviceps Harold, fights during nesting have also been documented but generated by experimentally placing an intruder female in a nest where brood balls are looked after by a resident female (Klemperer, 1986). Klemperer (1986) also reported cases of a female taking care of brood balls constructed by another female in a foreigner nest.



Mating behavior

Copulation is not easy to observe because it mainly occurs in underground galleries, making it difficult to determine when and how it happens. However, we found information on different aspects of the copulation behavior in 73 species of Neotropical Scarabaeinae beetles (Table 3). The copulation process has been described for only seven species: Megathoposoma candezei (Harold; Wille, 1973), Phanaeus daphnis, P. mexicanus (Halffter and López, 1977), Liatongus rhinocerulus (Bates; Halffter and Edmonds, 1982), Canthon cyanellus, C. indigaceus chevrolati (Martínez and Cruz, 1990), and Onthophagus acuminatus (Emlen, 1997).



TABLE 3 Copulation data observed in different Scarabaeinae species.
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Halffter and López (1977) defined four stages during copulation: (a) approach of the male to the female, generally near the food source as a meeting place; (b) detection of the female by the male; (c) positive response of the female and male mounting on her and attaching his parameres at the genital opening; (d) insertion of the male aedeagus. During this last stage, males can remain still or include touching or tapping movements with their front legs on the thorax, elytra, or sides of the female, supposedly intended to keep it calm. Although Halffter and Edmonds (1982) considered that there is no elaborate pre-copulatory or courtship behavior among Scarabaeinae, Emlen (1997) interpreted the tapping behavior observed in several species of insects as a copulatory courtship. Finally, at the end of copulation, the male separates and may remain near the female, guarding it against other males, or he may bury himself, searching for food or leaving the nest, depending on the species.

Details related to the site, time, or duration of copulation are only known for 34 species (Table 3), 14 of which are Canthon species because these are more easily observed during the rolling of food balls, and for seven Eurysternus species next to the food source. The remaining copulation observations correspond to species for which male–female pairs were found at their gallery entrance. A first copulation during the pre-nesting stage, which allows females to complete oocyte maturing and initiate the nesting stage, has only been observed in Phanaeus mexicanus, P. daphnis, Canthon cyanellus cyanellus, C. indigaceus chevrolati, Copris incertus, and Eurysternus mexicanus Harold (Halffter et al., 1976; Halffter and López, 1977; Martínez and Cruz, 1990; Martínez et al., 1996; Huerta et al., 2003). Most copulations observed on the surface at the gallery entrance occur before the nest ball or mass elaboration stage. The copulation duration varied from very short, lasting only one or 2 min in Coprophanaeus ensifer (Germar) and Onthophagus acuminatus (Emlen, 1997; Lira and Frizzas, 2022), up to maximum times of 75 min in Canthon cyanellus cynellus (Martínez and Cruz, 1990) and 84 min in Eurysternus caribaeus (Herbst; Huerta et al., 2003). The remaining observed cases ranged from 5 to 40 min (Table 3).



Sperm competition and female selection

Sperm competition in Neotropical dung beetle species has only been studied in Canthon cyanellus, observing that the male repeatedly copulates during nesting and before and during the elaboration of nest balls (Favila et al., 2005). It was experimentally demonstrated, with a cuticular genetic marker, that with this behavior, males significantly increase their paternity under a sperm competition scenario (Favila et al., 2005). In another study, Chamorro-Florescano and Favila (2009) found that males regulate copulation frequency during nesting; if the female has already copulated with other males, the latest male increases copulation frequency between the elaboration of nest balls; however, when a male is nesting with a virgin female, he does not mate several times. Besides, only males with previous reproductive experience increase their paternity, contrary to virgin males; that is, the reproductive experience of the female affects the frequency of mating, and the reproductive status of the male affects its reproductive success during the nesting stage (Chamorro-Florescano and Favila, 2009). In Canthon edentulus, copulations have also been observed during the nest care period (Halffter et al., 2013), suggesting that in this species, sperm competition also occurs and that the male can reduce it by repeated mating.

Cryptic choice by females can lead to direct or indirect benefits when choosing the male with whom they will mate (Andersson, 1994). The behaviors of males during combats may be signals allowing females to evaluate and select the most successful males; this, in turn, may be related to attributes indicative of male “quality” (Berglund et al., 1996; Briffa and Sneddon, 2007). Few studies of Neotropical beetles have recorded female behaviors that may reflect the choice or preference towards males with particular attributes. For example, Canthon cyanellus females that rolled together with a male were observed to actively participate during male–male combat over attempted ball-stealing by an intruder male, favoring and selecting males with reproductive experience, i.e., with previous mating and nesting (whether intruder or owner) over virgin males (Chamorro-Florescano et al., 2011). Another study found that the combat outcome can significantly affect the reproductive success of both combatants. Winning males increase their acquired paternity under conditions of sperm competition compared to loser males in previous combats (Chamorro-Florescano and Favila, 2016; Chamorro-Florescano et al., 2017).

Sperm competition and cryptic female choices play an essential role for dung beetles during and after copulation. Females copulating with different males may store sperm indefinitely until oocyte fertilization (Halffter and Edmonds, 1982; Eberhard, 1996). However, multiple factors can affect these dynamics. Sexual recognition in dung beetles occurs through cuticular hydrocarbons (Ortiz-Domínguez et al., 2006). These compounds act as short-distance contact pheromones and vary according to several factors, such as the changes at the gonad level in females and males during reproduction (Halffter and López, 1977; Huerta et al., 1981; Martínez and Cruz, 1990; Martínez, 1992b; Martínez and Huerta, 1997; López-Guerrero and Halffter, 2000; Howard and Blomquist, 2005; Huerta and Martínez, 2008; Ginzel, 2010; Favila et al., 2012).

The spermatheca plays a fundamental role in sperm competition and the cryptic choices of females. In Scarabeinae and Aphodiinae, the spermatheca is characterized by a C-shaped sclerotized receptacle with a striated muscle that joins the distal and basal end and a duct. After copulation, sperm migrates through this duct from the spermatophore or seminal fluid to the receptacle, where it is maintained and released until oocyte fertilization (López-Guerrero and Halffter, 2000; Martínez et al., 2001). In the family Geotrupidae, tribe Geotrupini, the spermatheca is pyriform with transverse striations at the base. In most species, it is elongated and has a short duct. Studies suggest that this type of spermatheca is primitive compared to those found in Scarabaeinae (Halffter and Edmonds, 1982; Martínez and Trotta-Moreu, 2010). Although both females and males obtain various benefits by mating with different partners, sperm competition may continue even after copulation under this scenario. However, the female may also perform sperm choice of specific phenotypes by shedding sperm and biasing sperm utilization by muscle contractions, among other possible mechanisms (Eberhard, 1996). These mechanisms have not been explored, but it has been reported that C. cyanellus females may benefit certain males having reproductive experience and a successful combat outcome (Chamorro-Florescano and Favila, 2016; Chamorro-Florescano et al., 2017).



Chemical communication at the reproductive stage: Semiochemicals

Chemical communication occurs through semiochemicals, either pheromone for intraspecific interactions or allelochemicals for interspecific interactions (Cortez, 2013). In dung beetles, both compounds are produced by exocrine glands distributed throughout the body, varying according to species and sex, as seen in Canthon cyanellus, C. indigaceus chevrolati and C. femoralis Chevrolat (Favila, 1988, 2001; Pluot-Sigwalt, 1988a,b). However, other attributes influence differences at the glandular level; for example, roller beetles have more exocrine glands than burrower beetles (Pluot-Sigwalt, 1991; Halffter et al., 2013). Glandular asymmetry has evolved in response to the different ecological pressures experienced by roller and burrower beetles, such as the relocation of the food resource competed by conspecific and heterospecific individuals (Hanski and Cambefort, 1991; Favila, 2001).

Since sexually active beetles can also find each other around food to form reproductive pairs, the presence of short- and long-distance sex pheromones during this stage has been suggested (Favila et al., 2012, 2016; Halffter et al., 2013). Recognition in sexually active males and females occurs when both individuals meet, extend their antennae, and touch each other. With this behavior, they can recognize each other through short-distance cuticular compounds. Immature and same-sex individuals will not display cooperative behavior. However, individuals of different sexes or sexually mature collaborate in elaborating and rolling the food ball for subsequent nesting, as demonstrated in C. cyanellus (Ortiz-Domínguez et al., 2006).

Long-distance pheromone emission by males has been described in different species of dung beetles, attributed as a strategy to attract females for nesting. However, it has also been suggested that the compounds emitted may repel other males or act as defensive chemicals against potential predators (Favila et al., 2016). During pheromone emission, the male holds the first and second pairs of legs upside down and rubs the abdominal sternites with the hind legs, where several exocrine glands are located. At synchronized time intervals, it rubs its legs and lifts them into the air (Tribe, 1975; Favila and Díaz, 1996; Favila, 2001). This behavior has been reported in different species of dung beetles next to the food source or a food ball, irrespective of whether a female is present, such as Canthon bispinus, C. chalybaeus, Blanchard, C. femoralis, C. cyanellus, C. lituratus, C. virens. However, in all these species, no female was observed arriving (Bellés and Favila, 1983; Favila and Díaz, 1996; Rodrigues and Flechtmann, 1997; Silveira et al., 2006; Vaz-de-Mello and Génier, 2009; Favila et al., 2012; Halffter et al., 2013; Cantil et al., 2014b; González-Vainer, 2015; Martín et al., 2021). In C. cyanellus and C. quiquemaculatus, the male exhibits this behavior in a nest where a female is already present (Bellés and Favila, 1983; Cantil et al., 2014b). However, two unidentified male species of Dendropaemon Perty were observed releasing pheromones, displaying the same behavior described at the chamber entrance. The arrival of a female touching the male’s abdomen during the emission behavior, has been described as a recognition behavior in the nesting site, and after this sexual recognition, they enter the gallery (Vaz-de-Mello and Génier, 2009). In C. femoralis, once the male buries the food ball, he performs the pheromone emission behavior until the arrival of the female (Favila, 2012).

Allomones are another multifunctional chemical found in dung beetles, related to defense, aggression, and protection of the food resource and the nest. This behavior has been explored in C. cyanellus, C. femoralis and Deltochilum furcatum Laporte (Halffter and Edmonds, 1982; Bellés and Favila, 1983; Favila, 2001; Cortez et al., 2012, 2015; Favila et al., 2012; Ix-Balam et al., 2018). An example of the above is the secretion of the pygidial glands of C. cyanellus, which produce chemicals that act as a defensive substance against Camponotus sericeiventris Guérin-Méneville (Cortez et al., 2012). When the ant attempts to attack C. cyanellus, it approaches the beetle and touches its body with its antennae. However, defensive compounds repel it, such as phenol in C. cyanellus and geraniol secreted by the pygidial glands of C. femoralis, or guaiacol produced by the pygidial glands of C. cyanellus (Favila, 2001; Cortez et al., 2012). In both species, the importance of the compounds released to impregnate and protect the brood balls from fungi has been proven. Canthon cyanellus displays nest care during almost all larval development and until the emergence of teneral adults, while C. femoralis does not look after the brood ball constructed by the female (Bellés and Favila, 1983; Favila, 2001; Favila et al., 2012). Deltochilum furcatum is another species that does not show nest care. It is suggested that pygidial secretions can reduce the oviposition of Lucilia cuprina Wiedemann flies on food balls rolled by beetles. However, whether this is due to the effect of secretions on microbial activity or an allomone effect is unknown (Ix-Balam et al., 2018).

The pygidial and abdominal secretions with which dung roller beetles impregnate nest balls during rolling are not only essential to avoid heterospecific competition. The chemicals secreted by the pygidial glands of C. cyanellus and C. femoralis, such as acetic acid and benzoic acid, have been found to prevent the decomposition of the food with which beetles elaborate nest balls and on which larvae feed until emergence. These compounds also have microbial activities (Favila, 1993; Cortez et al., 2012; Favila et al., 2016).



Nest care and preimaginal development

Subsocial behavior involving nest care by the female until the emergence of offspring is considered a relatively rare behavior within the Scarabaeinae (Halffter et al., 2013). Only 18 species of three genera have been identified in the Neotropical zone, mainly Copris and some Canthon and Eurysternus species, which take care of the nest until a particular stage of preimaginal development. Of special note is the contribution of males during the nest-care phase, albeit for a short time, in five Canthon species (Halffter et al., 2013; González-Vainer, 2015) (Table 4).



TABLE 4 Nest care and preimaginal development data observed from different Scarabaeinae species.
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The nest care duration varies among species, particularly those that have annual cycles and live in temperate zones, such as Copris armatus and C. sierrensis Matthews, which look after the nest for more than seven and eight months, respectively, until the emergence of the imago, after the winter season ends and temperature improves (Anduaga et al., 1987; Huerta et al., 2010). The other Copris species studied are found in more tropical areas, allowing them to have shorter cycles. In these species, care time varies from 47 days on average in C. laeviceps to 78 and 88 days on average in C. lugubris and C. incertus, respectively (Anduaga et al., 1987; Martínez et al., 1996). Four Canthon species, Malagoniella bicolor (Guerin) and Megathopa violacea Blanchard have been identified among the roller dung beetles that perform nest care almost until imago emergence. Canthon rutilans cyanescens Harold and Malagoniella punticollis (Blanchard) only care for the nest until the larval stage. Canthon virens is a particular case, as several studies report that these perform nest-care only during the larval stage, requiring further confirmatory research (Forti et al., 2012; Halffter et al., 2013). In Canthon mutabilis Harold, females and males look after the nest only for eight and 5 days, respectively, of the 23 days of preimaginal development (Halffter et al., 2013; Table 4). In Canthon cyanellus, the female cares for the nest until the hatching of the offspring, while the male stays in the nest until the female constructs all the brood balls, taking care of both the brood balls and the female to avoid other males mating her (Favila, 1993; Favila et al., 2005).

Among the 11 species of Eurysternus studied, seven take care of the nest; in two species, it is undefined whether or not they perform nest caring, and only E. jessopi Martínez has been described as not taking care of the nest. The known duration of preimaginal development in this genus varies from 21 days in E. inflexus Germar to 83 days on average in E. marmoreus Laporte (Huerta et al., 2003, Table 4).

Of all the Neotropical Scarabaeinae species studied, the duration of preimaginal development until the emergence of the imago is known for 43 species. Many species complete their development until emergence within one to two months, as observed in some members of the tribes Deltochilini, Onthophagini, Coprini, Oniticellini, and Dichotomini (Table 4). Dichotomius (L.) carbonarius (Mannerheim) and Attavicinus monstrosus (Bates) are the only species for which the duration of the larval stage is known. In Copris sierrensis, Dichotomius colonicus (Say), and Phanaeus quadridens (Say), under field conditions, there were still pupae and imagos without emerging 8 months after the onset of preimaginal development, perhaps because they inhabit a temperate zone and were awaiting a more favorable climate to surface (Huerta et al., 2010; Table 4). Therefore, further field or laboratory studies are needed to broaden our understanding of the preimaginal development of multiple dung beetle species, of which little or nothing is currently known.



Fecundity

The fecundity — the number of eggs a female lays over its lifetime — can be considered high in the Aphodiinae (Halffter and Edmonds, 1982). Their nesting behavior is quite simple. The Geotrupidae show a moderate fecundity, with some effort invested in nest building. Finally, in Scarabaeinae, fecundity is relatively low but is compensated by greater reproductive effort or nesting complexity, which may include nest care (Table 5). In this case, some Copris species elaborate one to five nests per year or breeding season, with an average of three or four balls per nest (Anduaga et al., 1987; Martínez et al., 1996; Huerta et al., 2010). Also, Eurysternus species show a low fecundity, with two to three nests per season and three to five balls per nest, but their nesting behavior can be highly complex. For example, E. balachowskyi Halffter and Halffter, E. caribaeus, E. marmoreus, and E. mexicanus build temporary nests that are destroyed before the final nest, implying the likely loss of offspring and a higher fecundity (Huerta et al., 2003). The species with a simpler behavior and low fecundity include Liatongus rhinocerulus Bates, which makes only a single nest per season, consisting of a branched gallery with 6 or 7 nest masses (Anduaga and Halffter, 1993).



TABLE 5 Fecundity data of Scarabaeinae species.
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Halffter and Edmonds (1982) considered that most Scarabaeinae species produce an average of 20 eggs per female over their lifetime, which still requires significant field and laboratory work to confirm. Although there is plenty of data regarding the nesting behavior of Neotropical species, only 18 species have information on the number of nests or brood balls, brood masses per nest, or galleries built by females over their lifetime or per breeding season. Moreover, 41 species have only partial information. Therefore, there are few species for which the relative fecundity per breeding season is known, obtained from the average number of balls or brood masses produced in each nest. The species known to produce an average of more than 20 eggs over their lifetime or per breeding season include four roller dung beetles: Canthon mutabilis (22.5), C. cyanellus (37.5), C. indigaceus chevrolati (42), and C. edentulus (50). On the other hand, those elaborating less than 10 balls or brood masses per breeding season are four species of Eurysternus, two of Copris, two of Onthophagus, and two of Canthon (Table 5). In most cases, only the number or type of nest balls or masses found in the field are reported, but further data are required to estimate their fecundity by season.



Nesting behavior patterns: Tunnellers and rollers


Pattern I

The Pattern-I nesting behavior comprises the largest number of records, having been observed in 28 Neotropical species to date, mainly of the genera Onthophagus (11 species), Dichotomius (6), and Canthidium Erichson (4). It has also been occasionally observed in species of Attavicinus Philips and Bell and Liatongus Reitter (Oniticellini); Ateuchus Weber, Neocanthidium, and Uroxys Westwood (Dichotomiini); Gromphas Brullé (Phanaeini) and Geotrupes (Geotrupidae; Supplementary Table S4).

The main characteristic of Pattern I is the so-called “brood mass,” which is packed in the blind bottom of a simple or branched gallery. The final shape of the brood mass is determined by the cavity, which may be cylindrical (i.e., “sausage-shaped”), oval, or spheroidal (Halffter and Edmonds, 1982). An exception is the nest mass of Dichotomius carbonarius, which has a peculiar structure and shape, composed of two connected parts, a lower spherical main structure, and an upper cylindrical protuberance (Dinghi et al., 2013). Also noteworthy is the brood mass of Neocanthidium martinezi, Edmonds and Halffter, which is pyriform, resembling a brood ball, resting loosely inside a subterranean cavity. However, it lacks the typical soil cover of brood balls produced by species with a Pattern II nesting behavior (Halffter and Edmonds, 1982).

Pattern-I nests are generally built below the food source. However, individuals of Canthidium megathopoides, Boucomont, may cut dung fragments and move them some distance, pushing them with their head and forelegs, before digging a gallery to bury them (Rodrigues and Flechtmann, 1997). This behavior has been extensively observed in several Phanaeini species with a Pattern-II nesting behavior, but not in Pattern-I species. Bisexual cooperation in food provisioning into the nest, whether simple or compound, has been observed in several species with a Pattern-I behavior (Supplementary Table S4). However, only females elaborate brood masses, with a single egg laid in each. Attavicinus monstrosus is an exception since the female can oviposit up to three eggs, 10 cm apart, along the sausage-shaped nest (Anduaga et al., 1976; Halffter and Edmonds, 1982).

Regarding the Neotropical Geotrupidae, the nest-building process has been studied in detail only in Geotrupes cavicollis Bates in Mexico. This species exhibits a Pattern-I nesting behavior with compound nests and bisexual cooperation, as described above (Halffter et al., 1980b, 1985). Moreover, Taurocerastes patagonicus Philippi records showed that they construct galleries up to 35 cm deep stocked with sausage-shaped droppings. These could be only for adult feeding; oviposition was not observed, and larvae of the species were found freely buried, not related to any food mass or gallery (Howden and Peck, 1987).

The majority of the species with Pattern-I behavior studied (72%) elaborate their nests with excrement, mainly bovine, and, to a lesser extent, with feces of other mammals (equines, goats, pigs, rodents, and humans). A considerably lower number of species, which inhabit tropical forests, use various material sources for building their nest masses: fruits, i.e., Onthophagus rhinolophus Harold, and Canthidium sp. (Halffter and Halffter, 2009; Sarges et al., 2012); decaying leaves, i.e., Dichotomius carbonarius (Dinghi et al., 2013); seeds, i.e., Canthidium laetum Harold, and Onthophagus orphnoides Bates (Halffter and Halffter, 2009); and carrion, i.e., Canthidium puncticolle Harold (Halffter and Edmonds, 1982). Other species that live associated with Atta Fabricius ant hills in anthropized subtropical and xerophytic scrub environments nest inside or under them, using their detritus as a food source for larvae (i.e., Ateuchus granigerum Harold Attavicinus monstrosus and Onthophagus rufescens Bates; Halffter and Matthews, 1966; Anduaga et al., 1976; Halffter and Halffter, 2009; See Supplementary Table S4). In addition, Onthophagus browni Howden and Carthwright, and Onthophagus coproides Horn construct their nests exclusively in burrows of the rodents Neotoma albigula Hartley and Thomomys umbrinus (Richardson), respectively, using their detritus and excrements (Anduaga and Halffter, 1991; Anduaga, 2007).



Pattern II

The Pattern-II nesting behavior has been described in 20 Neotropical species, of which 15 belong to the tribe Phanaeini, genera Bolbites Harold (1), Coprophanaeus Olsufieff (2), Diabroctis Gistel (1) Oxysternon Laporte (1), Phanaeus (6), and Sulcophanaeus Olsufieff (4). The remaining five species belong to Dichotomiini tribe, Ontherus Erichson (3) and Dichotomius (2) genera (Supplementary Table S4). Regarding the Phanaeini species with incomplete nest descriptions, particularly from the genera Coprophaneus, Phanaeus and Sulcophanaeus, we have considered that their nesting behavior corresponds to pattern II according to Halffter and Edmonds (1982).

In behavioral Pattern II, the excavation and subsequent food provisioning into the nesting gallery usually occur below or to one side of the food source. This characteristic allows classifying these nests as paracoprid. However, the transfer of large food fragments over the surface and a typical paracoprid nest construction has been observed in all the studied Phanaeus species. These fragments are pushed and rolled some distance with the head and prothorax or forelegs (“butting” behavior) before being buried. This can be done by the female alone or along with the male, depending on the species (Supplementary Table S4). Upon arrival at the appropriate site, the female starts excavating the gallery. Then the male and the female participate cooperatively in the food provisioning: the male cuts small fragments of food and deposits them at the entrance of the gallery, while the female introduces them into the nest, first by pulling and then pushing them inside (Halffter and López, 1977; Halffter and Edmonds, 1982; Price and May, 2009; Huerta et al., 2010). This butting behavior has also been recorded occasionally for Oxysternon conspicillatum Weber (Halffter and Matthews, 1966).

Bisexual cooperation in gallery construction and food provisioning occurs in 15 Phanaeini species of the genera Bolbites, Coprophanaeus, Phanaeus and Sulcophanaeus, but not in Oxysternon or Dichotomiini species with nesting pattern II. In Coprophanaeus ensifer, Sulcophanaeus leander (Waterhouse), and several species of Phanaeus, both sexes cooperate in both gallery excavation and food storage (Noriega, 2002; Price and May, 2009; Lira and Frizzas, 2022; Supplementary Table S4). In B. onitoides, Harold, S. carnifex (Linnaeus) and S. imperator (Chevrolat), the male introduces food fragments into the upper part of the gallery and the female carries them to the nest chamber to elaborate nest balls; males never enter the nest chamber (Klemperer, 1983; Cabrera-Walsh and Gandolfo, 1996). However, in several of these species, females can also nest alone. Nest care has not been observed in any species with a Pattern-II nesting behavior; the female leaves the nest after elaborating the last ball.

Finally, most species displaying Pattern-II build their nests with herbivorous mammal droppings. Exceptions are Phanaeus halffterorum Edmonds, which uses fungi and carrion in pine and oak forests in Mexico (Price and May, 2009), and Coprophanaeus species that use omnivorous and carnivorous mammal droppings or carrion in tropical forests and grasslands in South America (Barattini and Sáenz, 1953; Cantil et al., 2015; Lira and Frizzas, 2022).

Cases worth highlighting are the species of the tribe Eucraniini, endemic to the arid and semi-arid region of northwestern Argentina (South American Transition Zone). These burrowing species display a unique behavior: they carry dung pellets with their front legs and move forward with their middle and hind legs to bury them in a deep gallery excavated in advance; this operation is repeated several times. It has been suggested that this telephagic behavior is a strategy to exploit the scattered dry dung, mainly from rodents and camelids, by gathering and rehydrating it in the wetter bottom of tunnels (Zunino et al., 1989). The previous gallery excavation is a typical behavior of burrowing species (paracoprids); therefore, they have been considered paracoprids in this work (Supplementary Table S4).

Behavioral studies within the tribe Eucraniini have been conducted in 11 species of the genera Anomiopsoides Blackwelder, Ennearabdus Lansberge, Eucranium Brullé, and Glyphoderus Weswood (Zunino et al., 1989; Monteresino and Zunino, 2003; Ocampo, 2004; Ocampo and Philips, 2005; Ocampo, 2005, 2010; Supplementary Table S4). Bisexual cooperation in gallery construction and food provisioning has been recorded in eight species; brood-ball elaboration, only in two: Anomiopsoides heteroclyta (Blanchard; unpublished observation by A. Martínez, cited by Monteresino and Zunino, 2003; Figure 5) and Ennearabdus lobocephalus (Harold) (Monteresino and Zunino, 2003; Ocampo, 2010). The final nest structure for the other species is unknown. In E. lobocephalus, a composite paracoprid nest was built below bovine excrement under experimental conditions. The tunnel was filled like a sausage, and it bifurcated at the distal end, communicating with a lateral gallery containing stored food and a chamber containing two brood balls (Monteresino and Zunino, 2003). The observed characteristics of this paracoprid nest may correspond to a Pattern-II behavior. However, brood balls are not housed in separate chambers, as is typical in the nests corresponding to this pattern. On the other hand, Ocampo and Philips (2005) proposed that Eucranium arachnoides Brullé and E. planicolle, Burmeister, as well as others of the related genus Anomiopsoides, do not elaborate masses or brood-balls, but that larvae develop by feeding freely on fragmented and fermented pellets stored at the bottom of tunnels. These authors observed pupae of Anomiopsoides (species not indicated) under laboratory conditions, enclosed in cells made of organic material and sand. Undoubtedly, it is necessary to advance in the knowledge of the nesting behavior of Eucraniini species to define their behavioral patterns in further detail, considering that there may be significant differences in behavior between genera and species of this group.
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FIGURE 5
 Anomiopsoides heteroclyta (Blanchard) nest (modified from Monteresino and Zunino, 2003).




Pattern III

The Pattern-III nesting behavior has been described for eight species of Neotropical dung beetles of the genus Copris (Tribe Coprini) and one species of the genus Eurysternus (Oniticellini; Supplementary Table S4) in studies conducted in Mexico. All Copris species are paracoprid and subsocial, and their behavior is highly uniform. Females make a nesting cake placed in a spacious chamber built at the end of a gallery. From the cake, brood balls are cut to build compound nests, which are taken care of until the emergence of the offspring. During the nest-care stage, the female adds an outer layer of soil to each brood balls; this, together with the care, protects the progeny from desiccation and fungal attack. There are slight variations between species, particularly regarding nest depth (Anduaga et al., 1987; Huerta and Halffter, 2000). Copris megasoma Matthews and Halffter and Copris macclevei Warner breed exclusively on gourd excrement (Anduaga and Halffter, 1991; Anduaga, 2007).

The nesting behavior of Eurysternus foedus Guérin-Méneville was classified as Pattern III by Huerta et al. (2005). This species builds underground nests where the female store food in a brood mass in a chamber. This mass is not divided into balls, but the female oviposits two to six eggs, where larvae develop. The female takes care of the brood mass until the progeny emerges. All studies on this species have been conducted in Mexico.



Patterns IV and V

Nesting Patterns IV and V correspond to roller species, which belong exclusively to the tribe Deltochilini in the Neotropics. Nesting Pattern IV has been recorded for 15 species, mainly in the genera Canthon (8) and Deltochilum (4) and occasionally in Canthochillum Chapin, Malagoniella Martínez, and Megathopa Eschscholtz. Nesting Pattern V has been recorded in nine species of Canthon and one of Malagoniella (Supplementary Table S4).

In most roller species, during the reproductive season, males and females meet at the food source, where they cut and elaborate balls which are rolled together; sometimes, the male initiates the rolling of a ball alone and attracts a female, completing the rolling and burial together. In Pattern IV, the resulting nest is simple, made up of a single brood ball shaped by the female, which she abandons after oviposition. In contrast, Pattern-V nests are compound, cared for by the female for some time, occasionally almost to the emergence of the offspring. Bisexual cooperation in nest care has been observed in some species. The male may remain with the female for nearly the entire duration of preimaginal development (i.e., Canthon cyanellus cyanellus, C. edentulus and Malagoniella puncticollis), while in other species, the male stays for a shorter time (i.e., Canthon bispinus, C. rutilans rutilans Laporte, C. rutilans cyanescens Harold and C. virens virens). During nest care, the beetle pair does not feed.

Behavior Patterns IV and V have recorded exceptions concerning nest care. Judulien (1899) described the nests of Malagoniella bicolor (cited as Megathopa bicolor) and Megathopa violacea (cited as Malagoniella intermedia) in detail, pointing out that these nests are simple and cared for by the female over approximately 2 months. It is necessary to confirm the simple condition of the nests of these species through further studies since this may vary. Malagoniella puncticollis normally builds simple nests but occasionally builds compound nests; in all cases, the female cares for them over up to 30 days. Canthon rutilans cyanescens builds a simple nest that is cared for by the couple until the larva hatches (Hernandez et al., 2020). Canthon bispinus, which makes characteristic Pattern-V nests, also cares for simple nests under laboratory conditions (González-Vainer, 2015). In contrast, in Canthon mutabilis, the pair separates and leaves the compound nest after the last oviposition. Males and females can build up to five nests in the same reproductive period under laboratory conditions (Halffter et al., 2013).

Parental care of the nest dramatically increases the survival of the offspring; in C. cyanellus cyanellus, brood balls that are left with no parental care are attacked readily by fungi (Favila, 1993). In C. bispinus, the female guards the nest for 30 days, resulting in a high progeny survival rate (92%; González-Vainer, 2015). Male C. c. cyanellus secretes chemicals in their abdominal glands that prevent the development of fly larvae, saprophagous and entomopathogenic fungi, and phytopathogenic bacteria in brood balls where the female lays the eggs (Favila et al., 2012). Chemical protection of the brood in roller beetles does not necessarily require the presence of the female or both parents in the nest. Canthon femoralis femoralis builds simple nests and leaves them on the surface; however, it probably has a defense and protection mechanism for brood balls by depositing more stable chemicals than those produced by C. c. cyanellus (Favila et al., 2012). In C. rutilans cyanescens, it was observed that the female defecates on the chamber walls before placing the egg and that the couple often walks on the ball, probably applying protective chemical secretions, until the larva hatches (Hernandez et al., 2020).

Brood balls of roller species are typically pear- or teardrop-shaped, usually covered by thick layers of soil, except for C. edentulus, which lacks a cover (Halffter et al., 2013). However, several studies do not indicate this aspect of the brood ball structure. The nests of most species are housed either in surface chambers covered with soil or leaves or underground, reaching 60 cm depth, as in the case of Deltochilum orbignyi (Halffter and Matthews, 1966).

Some species of roller dung beetles do not roll the brood balls but make them, whether simple or compound, in underground or surface chambers below the food source or at the soil-excrement interface. These species are Canthochilum histeroides, (Harold) Canthon edentulus, C. mutabilis, C. obliquus and D. orbignyi (Matthews, 1963; Halffter and Matthews, 1966; Halffter and Halffter, 1989; Halffter et al., 2013). In the case of C. mutabilis, this condition is facultative and depends on the size of the food source: if it is large, beetles make paracoprid nests; if it is small, beetles build telecoprid nests (Halffter et al., 2013).

Approximately 70% of the nests described for roller species are made exclusively with dung, mostly from herbivorous mammals. Nests built preferably with feces of omnivorous mammals have been recorded to a much lesser extent, as are the cases of C. femoralis femoralis, which displays a clear preference for monkey feces (Rivera-Cervantes and Halffter, 1999) and C. rutilans cyanescens which prefers Cerdocyon thous (crab-eating fox) dung to make the brood balls (Hernandez et al., 2020). Another species, Canthon rutilans rutilans build nests exclusively with dung from omnivorous and carnivorous mammals (Carpintero-Hensen et al., 2020). Only four species were found to build their nests with carrion: Canthon bispinus, C. cyanellus cyanellus, C. virens virens and C. virens aff. paraguayanus Balthasar (Halffter and Edmonds, 1982; Favila and Díaz, 1996; Halffter et al., 2013; Cantil et al., 2014a; González-Vainer, 2015). Canthon mutabilis has been the only recorded species capable of successfully building its nests with carrion and dung (Halffter et al., 2013), while Deltochilum pseudoparile Paulian builds nests with both feces and decomposed Brosimum alicastrum Swartz fruits (Halffter and Halffter, 2009; Halffter et al., 2013; Supplementary Table S3).

Concerning necrophagous species, most experimental studies have used beef or fish as food resources with which the species studied have built their nests. However, in the field, C. c. cyanellus has occasionally been observed feeding on carcasses of crickets and other dung beetles of the genera Phanaeus and Copris (Villalobos et al., 1998). In laboratory conditions, C. c. cyanellus can make food balls with the abdominal contents of crickets; even more, it can successfully build nests with the body of the diplopod Orthoporus ornatus (Girard) (Villalobos et al., 1998).

Another necrophagous species, Canthon virens virens, has been observed in the field feeding on the bodies of different arthropods such as Diplopods, Heteroptera, Coleoptera, and Lepidoptera. Under laboratory conditions, it can build nests with the bodies of crickets and cockroaches, both alive and dead, being an opportunistic predator (Halffter et al., 2013). In addition, several field studies have recorded that C. v. virens is an active predator of female ants of the genus Atta Fabricius during the short period of their nuptial flight after the ants clip their wings (Hertel and Colli, 1998; Vaz-De-Mello et al., 1998; Silveira et al., 2006; Forti et al., 2012). The female of C. v. virens catches an ant, decapitates it, rolls its body, buries it superficially, and makes two or three brood ball with it (Silveira et al., 2006; Forti et al., 2012).

Another necrophagous roller species that is an opportunistic predator is Canthon chalybeus, which preys on the snail Bulimulus apodemetes d’Orbigny (Martín et al., 2021). Males and females can kill a healthy snail, cut its shell, and roll its body into a ball. This beetle can also use snail carcasses. Canthon morsei has also been observed feeding on a wounded, still-living specimen of the diplopod Rhysodesmus dasypus (Gervais) (Villalobos et al., 1998), and it has been caught in pitfall traps baited with carcasses of the millipedes Amplinus bitumidus and Anadenobolus putealis (Bedoussac et al., 2007). Necrophagous species likely use the bodies of dead or dying invertebrates found in their habitat to build their nests. The capability of feeding and nesting with the flesh of wounded invertebrates could have been an evolutionary step before the development of the predation behavior of some Deltochilini (Villalobos et al., 1998; Martín et al., 2021).



Pattern VI

Pattern VI groups most species of the genus Eurysternus (Halffter, 1977; Halffter and Edmonds, 1982) with known reproductive behavior. This Neotropical genus includes a total of 53 species (Génier, 2009); the feeding and nesting behavior has been studied only in 10 of these, mainly in Mexico (Génier, 2009; Supplementary Table S3). Except for E. foedus, whose female builds brood masses, the known behavior of this genus consists of building balls solely for nesting. Males of the species studied have never been observed performing this behavior (Huerta et al., 2003). Adults feed directly above or below the food source. No straightforward relocation of food has been observed during nesting; the female builds the balls by getting under the food and moving within it, using her middle legs as oars (see Halffter et al., 1980a).

The Eurysternus species studied show several differences (Supplementary Table S4; Huerta et al., 2003). Some supposed subsocial species do not care for their offspring. The morphological characteristics of this genus are directly related to their nesting behavior and cannot be related to any of the evolutionary lines of the Scarabaeinae (paracoprids and telecoprids), nor can they be considered endocoprids because they do not nest within the dung mass but at the dung-soil interface (Figure 6; Halffter et al., 1980a).
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FIGURE 6
 Oviposition sites of the Aphodiinae within the dung mass or at the dung-soil interface (white arrows), as also observed in some Eurysternus species (black arrow).





Aphodiinae reproductive behavior

Studies on the reproductive behavior of the subfamily Aphodiinae are few, consisting of scarce data on eight species of Aphodiini and three of Eupariini, mainly from Mexico. They are coprophagous dwellers that do not build nests but lay their eggs in the dung or at the dung-soil interface, depending on the species (Figure 6). The knowledge state of gonad maturity in both sexes helped to distinguish young from already mature individuals, as in Gonaphodiellus opisthius (Bates), Cephalocyclus hogei, (Bates) Planolinellus vittatus (Say), and the three Ataenius Harold species studied (Cruz et al., 2002; Martínez and Suárez, 2012; González-Vainer et al., 2018). The other species practically emerge mature and ready to reproduce. Most of the lifetime of Aphodiinae beetles is spent in the preimaginal stages or diapause; when adults emerge, they have a short period of activity lasting two or 3 months to reproduce, and then they die (Table 6).



TABLE 6 Pre-reproductive and reproductive behavior data, and preimaginal development time (days) for Neotropical Aphodiinae species.
[image: Table6]

Although there are data available on the phenology and reproductive cycles of several species of Mexican Aphodiini (see Martínez et al., 2022), information on their reproductive behavior is scarce, including mating and oviposition, since they are not easy to observe given their small size and because they spend most of their time inside the dung pats. Martínez et al. (2022) synthesize the available information on the reproductive cycles of some Aphodiini: Agrilinellus ornatus (Schmidt), G. opisthius, and Liothorax levatus (Schmidt), by characterizing mature, maturing, or immature individuals by ovary size variations, and the presence or absence of spermatozoa in the female spermatheca once they have already copulated. While in males, it is mainly due to the size of the glandular reservoir. In Eupariini, besides the anatomical variations mentioned to characterize the maturity state of individuals, in Ataenius perforatus Harold was possibly observed copulating inside the dung mass, at the end of which a spermatophore is formed in the vagina of females. This structure was also observed in the other two Ataenius species studied and only in a single Aphodiini species (Cephalocyclus hogei; Cruz et al., 2002). The number of eggs laid is known for some species, such as G. opisthius, which lays 15 to 18 agglutinated eggs in an underground chamber under the manure, and Blackburneus saylorea (Robinson), which lays eight eggs per nesting chamber in the two to three chambers it builds over its lifetime (Cruz et al., 2002). In Planolinellus vittatus, each egg is deposited in a laying chamber built within the manure still wet from the manure crust, although the total number of eggs laid per female is not reported (Martínez, 2008). On the other hand, in the three studied Ataenius species, eggs may be laid either under the manure or at the manure-soil interface; the number of eggs laid varies from 10 to 18 eggs per clutch. Finally, the time elapsed from preimaginal development to imago formation is known for only three Aphodiini species and all three Eupariini species. This time varies from 19 days to 66 days. The development time of each preimaginal stage is known for only four species; most of this time is spent in the larval stage (Table 6).



Geotrupidae breeding behavior

Studies on the reproductive behavior of Geotrupidae species are also scarce in the Neotropics. There are data on only four species belonging to two tribes — Ceratotrupini and Geotrupini —of which three are Mexican, and one is Chilean (Supplementary Table S4). All these species are coprophagous and paracoprid; the exception is Taurocerastes patagonicus, considered roller or telecoprid for moving food with its front legs; it is also a rare species that does not fly (Howden and Peck, 1987).

The species with the best-known reproductive behavior is Geotrupes cavicollis, observed under laboratory conditions (Halffter et al., 1980b, 1985); there is less information for the other species (Supplementary Table S4). This species also undergo maturation after emerging, and immature individuals build simple feeding galleries near or under the manure at a maximum depth of 10 cm. This period lasts 35 to 40 days after emergence; the reproductive period begins when the male and the female copulate at the gallery entrance for 10 min. Food is stored in galleries with the couple’s collaboration during this period. The nest comprises a maximum of five galleries, each with one egg in the distal end. In rare cases, two eggs can be laid per gallery, with soil in between the two eggs; the second was laid 24 h after the first. The subsequent oviposition took place 10 to 15 days later. Geotrupidae nest range between eight to 21 cm in depth, depending on the galleries and their radial or parallel distribution, with an average length of 21.5 cm. According to Halffter et al. (1980b, 1985), for the female to continue laying more than one or two eggs, the male must copulate and help with nest provisioning. Within each brood mass, preimaginal development starts with the embryo, and it takes 10 days for the larva to hatch; the larval stage lasts 210 days, followed by pupae, which take 44 days, and then the adult or imago remains in the nest for 30 to 40 days before emerging to the surface. Females die after 80 to 90 days (maximum 140 days) and only lay five eggs over their lifetime. However, females of G. cavicollis still have large oocytes not laid, differing from Scarabaeinae and Aphodiinae species, in which females show the reduction of their oocytes before dying (Martínez, 1992a,b; Martínez et al., 1996; Martínez, 2008; Martínez and Suárez, 2012).

Regarding the other species, Ceratotrupes fronticornis (Erichson) buries dog feces to build nests, but the type of the nest is not mentioned (Ramírez-Restrepo and Halffter, 2016). In Geotrupes (Halffterius) rufoclavatus Jekel, females oviposit in February because they have matured or maturing ovaries; however, no information is available on their oviposition behavior or the type of nest (Trotta-Moreu et al., 2007). Finally, in Taurocerastes patagonicus, one study describes that food is moved as pellets, then buried in simple, winding galleries inclined 70° and measuring 10 to 35 cm long (Howden and Peck, 1987). At the bottom, they accumulate food, forming a mass 5 to 7 cm long by 2 to 3 cm high. Nevertheless, it is not mentioned whether this food is only for adults or also for the young. Although male–female pairs were observed inside the gallery with food, no eggs were found. In another site, larvae were observed buried at 35 cm depth, although not associated with any food reserve or mass (Howden and Peck, 1987). Further studies are required to clarify this peculiar behavior.




Discussion

This review found that behavioral studies on dung beetles have been carried out on a low number of species (146), considering that the estimated richness of Scarabaeinae alone in the Neotropical region is approximately 1,250 species (Escobar, 2000). If the Aphodiinae and Geotrupidae are also included, behavioral studies have been conducted on less than 10% of the total dung beetle species. These studies are more abundant for Scarabaeinae (85%) compared to Aphodiinae (9%) and Geotrupidae (6%). The above is partly due to the number of Scarabaeinae species recorded in the Neotropics; more specifically, because only in the subfamily Scarabaeinae food relocation and nest construction are key features of the adult behavior in the vast majority of their species (Halffter and Edmonds, 1982); therefore, they constitute interesting model for behavioral studies. The pre-nesting stage has been studied in 101 Scarabaeinae species, the reproductive stage in 128 species, and the post-reproductive stage in only 18 species. Forty-two percent of the behavioral studies were based on field observations, 23% on laboratory observations, 30% under both field and laboratory conditions, and 5% were unspecified.

Behavioral studies on Neotropical Scarabaeinae species have been performed in 15 countries, mainly Mexico, Brazil, and Argentina. For the subfamily Aphodiinae, behavioral studies have been carried out only in Mexico and Uruguay, whereas some species of Geotrupidae have been studied only in Mexico and Chile. This review highlights the need to conduct further behavioral studies in several Central-South American and Caribbean countries, including Guatemala, El Salvador, Honduras, Nicaragua, Cuba, Haiti, Paraguay, Peru, Guyana, and Suriname. Isolated studies have been carried out in Venezuela, Bolivia, Ecuador, Chile, and Jamaica. The lack of behavioral studies for the Amazon rainforest has also become evident, particularly in Brazil, where such studies have addressed the southern area of this country. Although it is necessary to continue behavioral studies on Neotropical species from a biogeographical point of view, studies should also address the species inhabiting the Caribbean and Amazonian subregions (sensu Morrone et al., 2022). The above is increasingly urgent, given the accelerated loss of tropical rainforests. It is also necessary to fill the information gap on species inhabiting some provinces within the Chacoan subregion (e.g., Caatinga and Chaco), as well as on species living in the South American Transition Zone and the Andean region.

Another critical aspect is that at least one-half of the studied species were collected in open habitats (i.e., grasslands of temperate zones of Mexico, the Pampean region, and steppes of Argentina, or grasslands of Uruguay and the savanna in Brazil). These species are related to livestock and are burrowing species, with nesting Patterns I, II, and III. Only one-third of the studies have been conducted on both tropical and temperate forest species, mostly on burrowing species. Human activities profoundly modify native Neotropical environments; records of the dung beetle species studied indicate that only a small proportion of them (less than 10%) are habitat generalists that live in native forests, grasslands, and silvopastoral systems. Therefore, few dung beetle species may adapt to the continuous changes occurring in this region.

Feeding is crucial for dung beetles because it allows them to perform all their functions, including sexual maturation and reproduction. Intraspecific and interspecific male competition for food and females, which occurs during the pre-reproductive and reproductive stages, has been studied in a few burrowing and roller species. Although most of these studies have focused on fights between males, few have evaluated fights for these resources between females. Mate selection by males and females is fundamental for the reproductive success of dung beetle species. Fights have been analyzed in detail only for Canthon cyanellus. Evaluating the factors involved in the ability to win or lose a fight for limited resources and once this competition is transferred to the sperm level or the cryptic selection by females is still limited. Comparative studies will be highly relevant to explore the behavioral patterns within the context of evolutionary and ecological pressures the species have been exposed to during the pre-reproductive, reproductive, and post-reproductive stages.

Copulation has been described only in seven species. The duration of copulation has been recorded only in roller species because it generally occurs during the ball-rolling phase or in shallow nests. Few species have records regarding courtship before and during copulation and its incidence on reproductive success. Likewise, chemical communication has been investigated only in roller species; however, the effect of pheromones on intraspecific interactions and allelochemicals on interspecific interactions has been studied in a few roller species.

Although studies on nesting behavior in Scarabaeinae have been carried out on few species, most are representative of all the behavioral patterns proposed by Halffter and Edmonds (1982) and belong to almost all Neotropical tribes (e.g., Deltochilini, Coprini, Phanaeini, Dichotomiini, Oniticellini, and Onthophagini). Over the past 40 years, these studies have deepened our knowledge of behavioral patterns in dung beetles and revealed their plasticity. Subsocial behavior, the degree of development that varies among species, has also been studied in detail. This behavior has been analyzed mainly in Copris and some Canthon and Eurysternus species, which take care of the nest until a particular stage of preimaginal development. Conversely, the incipient knowledge about the nesting behavior of the Eucraniini has evidenced that it does not conform to any known patterns, highlighting it as a group of great interest for study.

This work has identified a few species for which there is a considerable accumulation of knowledge, ideal for answering questions or testing particular hypotheses. Canthon cyanellus is a good model for behavioral studies (Favila, 2001), also known as a model system (Dugatkin, 2001). Undoubtedly, studying the reproductive behavior of dung beetles in their environment, where their behavior is displayed naturally, is fundamental for understanding the ecological processes surrounding the variation in the reproductive behavior of each species. Transferring these studies to the laboratory allows us to have controlled conditions and test hypothesis that can be quantified regarding the effect of previously identified variables that affect or regulate behavioral patterns. Both field and laboratory data are essential for understanding the ecological processes and evolutionary contexts of Neotropical dung beetles. However, laboratory studies can only be conducted for some species, whereas only some are sound model systems for behavioral studies. The above depends on several conditions that must be controlled to maintain the reproductive behavior of the studied dung beetle species, which is hard to achieve. This is one of the main reasons why conclusive laboratory results have yet to be obtained for some species of dung beetles.

Finally, it is necessary to continue studying the behavioral biology and ecology of dung beetles in their original habitats in Neotropical forests since these habitats are being heavily anthropized, and information on many species is still lacking (about 88% of the richness estimated of Scarabaeinae). We risk losing species or altering behavioral patterns due to the effects of these macro and micro environmental changes on the Neotropical region, which are likely to affect species’ survival and the environmental services provided by this group of beetles.
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Martinez and Sudrez
(2012)

Planolinellus No. NO. NO. - 34 78 78 18-20 | Martinez (2008),

vittatus Martinez and Suirez
(2012)

Trichaphodiellus - - - - - ) 2 55 Verdi and Galante

brasiliensis (1997)

EUPARIINI

Ataenivs apicalis 0 NO. o 16-18 - 2 1 2835 | Martinezand Cruz
(1990), Cruz and
Martinez (2002)

Ataenivs perforatus o o o 10-12 57 387 105 45-66 | Gonzdlez-Vainer
(2015)

Ataenius sculptor o NO o 16-18 - 2 7 35 Martinez and Cruz

(1990), Cruz and
Martinez (2002)

Pre-reproductive period (PR), reproductive period (RP), (O: observed; N.O.: not abserved; Spm: spermatophore; d: days).
¥The used references used can be found in the Supplementary Table $1
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Fecundity

Tribe/Species # nests or galleries # ball or mass / Balls or mases References*
nest (mean) total (mean)

COPRINI

Copris armatus Iyear 1-93) Anduaga etal. (1987)

Capris incertus 1-4/ lifetime 36 Cruz and Huerta (1998), Martinez.
and Huerta (1997), Martinez et al.
(1996)

Copris laeviceps 3-5/ year © 27-45/ year Anduaga et al. (1987), Klemperer
(1986)

Copris lugubris 34/ year @ 12-16 Anduaga etal. (1987)

Capris macclevei 3 Anduaga (2007)

Copris megasoma 2-6(45) Anduaga and Halffier (1991)

Copris sierrensis 1/ year 45 45 year Huerta et al. (2010)

DELTOCHILINI

Canthon bispinus - 2-4 - Gonzélez-Vainer (2015), Halffter
etal. (2013)

Canthon cyanellus cyanellus 78 46 30-50 Martinez (1992a), Martinez and
Cruz (1990), Halffter et al. (2013)

Canthon edentulus 5 614 30-70 Halffter etal. (2013)

Canthon (G.) femoralis Multiple 1 Multiple Rivera-Cervantes and Halffier
(1999), Favila etal. (2012)

Canthon histrio - 24 24 Cortez etal. (2021)

Canthon imitator - Levery4 -5d - Martinez et al. (2019)

Canthon indigaceus chevrolati 30-54 1 30-54 Martinez (1992a), Martinez and
Cruz (1990)

Canthon mutabilis 45 5 2025 Halffter et al. (2013)

Canthon muticus - 6 - Halffter etal. (2013)

Canthon obliquus - 1-3 - Halffter and Halffter (1989)

Canthon quinguemaculatus 13 15 115 Cantil etal. (2014b), Halffer et al.
(2013)

Canthon rutilans cyanescens - 2-11(6) - Carpintero-Hensen etal. (2020),
Hernandez et al. (2020)

Canthon rutilans rutilans - 2-119) - Carpintero-Hensen et al. (2020)

Canthon unicolor - 2-4 24 Cortez etal. (2021)

Canthon virens - 23 - Forti etal. (2012), Halffter et al.
(2013)

Delthochilum mexicanum - 1-3 - Barretto etal., 2021a

Deltochilum pseudoparile - 2 - Halffter and Halffter (2009)

Malagoniella bicolor - 1 - Judulien (1899)

Malagoniella puncticollis Multiple 1-2 Multiple Palestrini et al. (1994)

Megathopa violacea - 1 - Judulien (1899)

DICHOTOMIINT

Canthidium moestum - - Multiple Gonzdlez-Vainer and Morelli
(1998)

Canthidium sp. - 1 - Halffter and Halffter (2009)

Dichotomius anaglypticus = 2 - Alves and Nakano (1977), Cabrera-
‘Walsh and Gandolfo (1996)

Dichotomius colonicus - 1-2 - Huerta et al. (2010)

Dichotomius satanas - 29 - Barretto et al. (2021a)

Neocanthidium martinezi - 1 = Halffter and Edmonds (1982)

Ontherus appendiculatus - 1 - Cabrera-Walsh and Gandolfo
(1996)

Ontherus mexicanus - 1 - Cabrera-Walsh and Gandolfo
(1996)

Ontherus sulcator - 12 - Gonzélez-Vainer et l. (2018)

EUCRANIINT

Ennearabdus lobocephalus - 2 - Monteresino and Zunino (2003)

ONITICELLINI

Attavicinus monstrosus - 7 - Anduaga etal. (1976)

Eurysternus balachowskyi - 2 - Huerta et al. (2003)

Eurysternus caribacus 1-3 24 212 Huerta et al. (2003)

Eurysternus deplanatus - - Max 5 Huerta et al. (2003)

Eurysternus foedus - 2-3 - Huerta etal. (2003)

Eurysternus inflexus - 34 - Huerta et al. (2003)

Eurysternus jessopi 35 4-10 12-50 Huerta et al. (2003)

Eurysternus magnus - 2-4 - Huerta etal. (2003)

Eurysternus marmoreus 13 37 321 Huerta et al. (2003)

Eurysternus mexicanus 13 26 218 Huerta et al. (2003), Huerta and
Martinez (2008)

Eurysternus plebejus 1-2 27 214 Huerta (2012)

Liatongus rhinocerulus 1 67 67 Anduaga and Halffter (1993),
Halffier and Edmonds (1982)

ONTHOPHAGINI

Onthophagus batesi - Multiple “High" Halffter and Edmonds (1982)

Onthophagus curvicornis - 23 - Montes-Rodriguez (2017)

Onthophagus incensus 35 13 315 Huerta et al. (2010), Martinez et al.
(1998)

Onthophagus lecontei 1-4 galleries 2 gallery 28 Arellano etal. (2017)

PHANAEINI

Coprophanaeus (C.) cyanescens - 1 - Cantil etal,, 2015

Coprophanacus milon - 2 - Barattini and Séenz (1953)

Dichotomius torulosus - 1 - Klemperer (1983)

Phanaeus daphnis - (38 12 max Halffter et al. (1974, 1976). Halffter
and Lopez (1977)

Phanaeus mexicanus - 1 12 max Halffter etal. (1974, 1976), Halffter
and Lopez (1977)

Phanaeus palliatus - 1 12 max Halffer etal., 1974

Phanacus quadridens - 12 - Huerta etal, 2010

Sulcophanacus carnifex - 1 18 Klemperer, 1983

Sulcophanacus menelas - 23 - Morelli et al. (1996)

“The used references used can be found in the Supplementary Table S1.
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Nest care

Preimaginal development (days)

References'

. days
Tribe/ Species (mean) Egg Larva Pupa Imago pre Total
emergence
COPRINI
Copris armatus 175 t0 268 (220) 10-29 115-169 50-70 - 175-268
Capris incertus 7210 104 (88) 10 45-65 2 - 72-104
Copris laeviceps 451049 (47) 612 20-35 7-14 - 33-57
Copris lugubris (78) 10 40 13 - )
Copris sierrensis Until emergence - - - +240 -
DELTOCHILINI
Canthochilum histeroides - - s - - 40-50
Canthon bispinus 30-32(9); 10(8) N - - - 0
Canthon cyanellus 2527 (@) 3 15 10 - 27-28
cyanellus 5-10(8)
Canthon edentulus 2% - - - - 2528
Canthon histrio No - - - - 2935
Canthon imitator No - - B = 30
Canthon indigaceus No 3 15 10 - 2728
chevrolati
Canthon mutabilis 8(9)i5(3) - - - - 2
Canthon 20(9)5(8) = - - - 273
quinquemaculatus
Canthon rutilans Untillarva 4 18 10 - »
cyanescens
Canthon rutilans rutilans - - - - N 19
Canthon unicolor No - - - - 2
Canthon virens 9-11(9) - - - - 26-32
4-5(3) - until
emergence
Malagoniella bicolor 60 - - - - 0
Malagoniella puncticollis 30 d until L3 44 26 167 - 457
Megathopa violacea 60 - - - - 0
DICHOTOMIINT
Ateuchus aencomicans - - 3538 25-30 - 60-68
Canthidium moestum - 6 27 15 - m
Canthidium sp. - - - - - 18-22
Dichotomius (L) - - 120 - - -
carbonarius
Dichotomius anaglypticus = 15-25 70-85 180 = 265-290
Dichotomius colonicus - - - - +240 -
Pedaridium almeidai - - - - - 6
Pedaridium brasiliensis - - - - - 35
Trichillum - - - - - 30-45
externepunctatum
Uroxys terminalis - 814 42-65 1n-27 - 67-95
ONITICELLINT
Attavicinus monstrosus - - 40-45 - - -
Eurysternus balachowskyi 0 - - - - 50
Eurysternus caribaeus 37-71(54) - - - - 37-71
Eurysternus inflexus ? - 15 7 - 2
Eurysternus magnus 52-62(57) - - - - 52-62
Eurysternus marmoreus 65-101 (83) - - - - 65-101
Eurysternus mexicanus 36-58 (47) - - - - 36-58
Eurysternus plebejus 33-71(52) - - - - -
Liatongus rhinocerulus - 10 ~90d ~150d 30 ~270
ONTHOPHAGINI
Onthophagus batesi - 6 36 15 - 57
Onthophagus curvicornis - 24 3239 12-14 - 54-56
Onthophagus hircus - 6 23 13 - a4
Onthophagus incensus - 35 2 812 - 3438
Onthophagus landolti - 23 20-22 68 - 30
Onthophagus lecontei - 2 2 n 4 39
PHANAEINI
Phanaeus quadridens - - - - +240 -
Sulcophanacus carnifex - 9 % 4 21228 154
Sulcophanaeus menelas - n 52 31 - 92

“The used references used can be found in the Supplementary Table S1.
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Copulation

Tribe / Species ¢{Where? ¢{When? (DO) Duration (min)  References*

COPRINI

Copris incertus - 10-40 DO /PN - 1z and Huerta (1998), Martinez and Huerta (1997),
Martinez et al. (1996)

DELTOCHILINT

Canthon bispinus Below food ball - 30 Gonzilez-Vainer (2015), Halffter etal. (2013)

Canthon cyanellus cyanellus — ~ 10-20D0 /PN 30-75 Martinez (19922), Martinez and Cruz (1990), Halffter et al.
(2013)

Canthon edentulus - PN/ PN care - Halffer et al. 2013)

Canthon histrio - PN - Cortez etal. (2021)

Canthon indigaceus chevrolati  ~ 20-30DO /PN 30-40 Martinez (1992a), Martinez and Cruz (1990)

Canthon lituratus - post rolling /PN 53310617 Rodrigues and Flechtmann (1997)

Canthon mutabilis - PN - Halffier et al. 2013)

Canthon obliquus Near food source - - Halffter and Halffter (1989)

Canthon quinquemaculatus | - post rolling/PN - Cantil et al. (2014b), Halffter et al. (2013)

Canthon rutilans cyanescens  Besides food ball - 30-40 Carpintero-Hensen et al. (2020), Hernandez et al. (2020)

Canthon rutilans rutilans - observed - Carpintero-Hensen et al. (2020)

Canthon unicolor - PN - Cortezetal. (2021)

Canthon virens - PN - Forti et al. (2012), Halffter et al. (2013)

Megathoposoma candezei Above food source | 23 Wille (1973)

DICHOTOMIINI

Neocanthidium martinezi In tunnel - - Halffier and Edmonds (1982)

Pedaridium almeidai In tunnel PN - Verd and Galante (2001)

Pedaridium brasiliensis In tnnel PN - Verda and Galante (2001)

Trichillum externcpunctatum |~ observed - Lopez etal. (2009)

Uroxys terminalis Within food source |~ - Gonzlez-Vainer and Baruffaldi (2006)

ONITICELLINI

Eurysternus caribacus - Nuptial feast 19-87 Huerta et al. (2003)

Eurysternus deplanatus - PN - Huerta et al. (2003)

Eurysternus foedus - PN - Huerta et al. (2003)

Burysternus jessopi - Forming the ball /PSN | ~ Huerta et al. (2003)

Eurysternus marmoreus - N - Huerta etal. (2003)

Eurysternus mexicanus - 20-30 DO /pre- 34-40 Huerta et al. (2003), Huerta and Marting

infanticice or N

Eurysternus plebejus - PN - Huerta (2012)

Liatongus rhinocerulus Tunnel entrance - 15 Anduaga and Halffter (1993), Halffter and Edmonds (1982)

ONTHOPHAGINI

Onthophagus acuminatus In tunnel - 14-26 Emlen (1997)

Onthophagus lecontei - - 17 Arellano etal. (2017)

PHANAEINI

Coprophanacus (C.) In tunnel - - til etal. (2015)

cyanescens

Coprophanacus ensifer Tunnel entrance - 1 Lira and Frizzas (2022)

Phanacus daphnis Surface 18-64D0 410 Halffter et al. (1974, 1976), Halffter and Lpez (1977)

Phanaeus mexicanus Surface 14-26 DO 4-10 Halffter et al. (1974, 1976), Halffter and Lopez (1977)

Phanacus palliatus Surface - - Halffter et al. (1974)

“The used references used can be found in the Supplementary Tible S1.
Days old after emergence (DO); pre-nidification (PN); nidification (N); post-nidification (PSN).






OPS/images/fevo-11-1102477-t001.jpg
x

x
Scarabaeinae
Coprini x
Deltochil x
Dichotomiini x
Eucraniini

x

x
Phanacini x
Geotrupidae
Ceratotrupini x
Geotrupini x
#locality 16
# species 54

Arg: Argentina, Bra: Brazil, Bol: Bolivia, Col: Colombia, CR: Costa Rica, Chi: Chile, Ecu: Ecuador, Gua: Guatemala, GF:

Rico, Uru: Uruguay, Ven: Venezuela.

1

41

7

30

4

8

5

7

2

3

3

2

2

2

Pan

2
2

Ven PR Bol Gua Jam
x x x x
x x
x
1 1 1 1 1 1
2 2 2 1 1 1

nch Guiana, Jam: Jamaica, Mex: Mexico, Pan: Panama, PR: Puerto





OPS/images/fevo-11-1102477-t002.jpg
Native habitats Anthropic habitats

G/OS Ar/Sar GG/GOS © S EF

Paracoprid

Anomiopsoides 1 1
Ateuchus 1 1
Attavicinus 1 1
Bolbites 1 1
Canthidium 3 2 5
Ceratotrupes 1 1 2
Copris 3 2 3 7
Coprophanacus 2 2 4
Dendropaemon 5 5
Diabroctis 1 1 2
Dichotomius 2 2 5 1 10
Ennearabdus 1 1
Eucranium 2 2
Eurysternus n 1
Geotrupes 1 1 2
Glyphoderus 3 3
Gromphas 1 1
Liatongus 1 1
Ontherus 2 1 3
Onthophagus 5 1 1 5 2 1 10
Oruscatus 1 1
Pedaridium 1 1 2
Phanacus 1 1 3 5
Sulcophanacus 2 4 6
Taurocerastes 1 1
Tetramercia 1 1
Uroxys 1 1 2
Telecoprid

Canthochillum 1 1
Canthon 15 4 5 1 1 26
Canthonella 1 1
Deltochilum 5 5
Malagoniella 1 1 2
Megathopa 1 1
Megathoposoma 1 1
Non-nester

Agrilinellus 1 1
Ataenius 1 2 1 4
Blackburneus 1 1
Cephalocyclus 2 2
Gonaphodiellus 1 1
Liothorax 1 1
Planolinellus 1

Trichaphodiellus 1 1
Total 60 2 10 2 2 1 6 2 122

F: Forest; G/OS: Grassland/Open shrubland; Ar/Sar: Arid/Semiarid; GG/GOS: Grazed grassland/Grazed open shrubland; C: Crop; S: Silvopastoril; EF: Exatic forest; U/Su: Urban/Suburban.
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