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New synonyms and records
of Costa Rican and Panamanian dung beetles
(Coleoptera: Scarabaeidae: Scarabaeinae)

Angel Solis
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Santo Domingo de Heredia, Costa Rica
angelsoliscr@gmail.com

Bert Kohlmann

BioAlfa Barcoding Project
Santo Domingo de Heredia, Costa Rica
bkohlmann64@gmail.com

Abstract. To better understand the dung beetle (Coleoptera: Scarabaeidae: Scarabaeinae) biodiversity
of Costa Rica and Panama, new synonyms, records, distributions, and updates are presented. This paper
analyzes the distribution and taxonomy of Phanaeus olsoufieffi Balthasar, 1939 in Panama and establishes
the following new subjective synonym: Phanaeus panamensis Moctezuma and Halffter, 2021 = Phanaeus
olsoufieffi Balthasar, 1939. Color morphs of Phanaeus pyrois Bates, 1887 in Costa Rica are analyzed. The
Costa Rican distribution of Onthophagus bidentatus Drapiez, 1819 and O. marginicollis Harold, 1880 is stud-
ied. Onthophagus bidentatus is recorded for Costa Rica for the first time. A population analysis of barcode
mtDNA, color morphs, and morphological and genitalia characters for different body sizes of Onthophagus
cyanellus is undertaken. An mtDNA barcode tree is presented to assess the molecular identity of O. cyanellus
resulting in the reaffirmed subjective synonymy, Onthophagus mesoamericanus Zunino and Halftter, 1988
= O. cyanellus Bates, 1887.

Key words. Allometry, barcoding, color-morph variation, lamella copulatrix, male horns, morphological
variation, mtDNA barcode analysis, polymorphism.

ZooBank registration. urn:Isid:zoobank.org:pub:E701D60F-A455-4048-8279-DA450930ACB3

“If names are not correct, language will not be in accordance with the truth of things”
— Confucius

Introduction

The dung beetle fauna (Coleoptera: Scarabaeidae: Scarabaeinae) of Costa Rica and Panama has been studied
intensively for the past 32 years. To update our understanding of the biodiversity of the Costa Rican and Panama-
nian dung beetle fauna, we are here establishing new synonyms and reporting new species records. The last dung
beetle (Scarabaeinae) species count for Costa Rica was done in 2012 (Solis and Kohlmann 2012), with 182 known
species. This paper increases the count to 185 known species. To update this growing list of species, we are here
amending the list of synonyms and presenting new distribution records for Costa Rica. We use a combination of
mtDNA barcode analysis as well as morphology, ecology, and microgeography to study Onthophagus cyanellus in
detail and determine its synonyms.

Materials and Methods

Specimens used in this work are deposited in the following collections:

ASC Angel Solis Collection, Zarcero, Alajuela, Costa Rica
MIUP Museo de Invertebrados, Universidad de Panama
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MNCR Museo Nacional de Costa Rica, Santo Domingo de Heredia, Costa Rica
TAMUIC Texas A&M University Insect Collection

The length of specimens was measured from the anterior margin of the clypeus to the pygidial disc in the
closed position. Widths were measured at either the pronotum or the elytra at the widest point. We use in this
study the developmental body terms hyper-, eu-, and hypothelic in the same sense as were used by Zunino and
Halffter (1988) and not the more common “major”, “minor”, and “minim” descriptors to facilitate comparisons
with Zunino and Halffter’s (1988) study. A clear example of these conditions is presented in Figure 27-29.

Dry specimens were hydrated and cleaned by immersing them in hot water. Male genitalia were extracted
following the method described by Zunino (1978). Specimens were hand-cleaned with brushes for photographs.

Onthophagus photographs were prepared using an Olympus DP74 camera, an Olympus SZX16 stereomi-
croscope, and the Picolay stacking program. Phanaeus MacLeay, 1819 photographs were prepared using a Leica
EZ 4 W stereoscope with an attached Leica ICC 50 W Wi-Fi-capable digital camera using the Leica Microsystems
Flexacam C1 photographic program. Photographs were stacked using the Helicon focus program.

Species voucher codes and genetic sequences beginning with AS, CNC, and INB are from the BOLD data-
base (http://www.boldsystems.org). They represent databases generated by the following institutions. AS, Angel
Solis; CNC, Canadian National Collection of Insects, Ottawa; INB, Instituto Nacional de Biodiversidad, Costa
Rica. Information derived from the AS database is here used for the first time.

A mitochondrial DNA barcoding analysis of a 658 base-pair region of the cytochrome c oxidase I (COI)
gene has been underway for all Costa Rican Scarabaeinae species (Solis and Kohlmann 2012; Kohlmann et al.
2019). Molecular work was carried out using the protocols established by Ivanova et al. (2006). Extracted DNA
was amplified for a 658-bp region near the 5’ terminus of the cytochrome c oxidase subunit I (COI) gene using
standard insect primers LepF1 and LepR1 (Ivanova and Grainger 2007).

This standardized 658-bp fragment of the mitochondrial cytochrome ¢ oxidase subunit I gene (coxl or
COI) has been proposed as a universal marker for species identification in the animal kingdom (Hebert et
al. 2003). We have used the BOLD taxonomic platform (Barcode of Life Data Systems database; http://www.
boldsystems.org/). The importance of using this sequence is that COI is one of the building blocks of the cyto-
chrome C oxidase protein (COX). “COX is the last enzyme in the electron transport chain, reducing oxygen and
pumping protons across the inner mitochondrial membrane. Thus, changes in the amino acid sequence that
modify the protein structure may affect energy metabolism” (Pentinsaari et al. 2016: 1). This barcode sequence
is predominantly under purifying selection for Coleoptera (Pentinsaari et al. 2016).

Price (2009) confirmed that COI data are a good source for resolving phylogenetic questions in the genus
Phanaeus (Coleoptera: Scarabaeidae). Solis and Kohlmann (2012) and Kohlmann et al. (2019) used this same
gene to analyze the Phanaeini and the dicranius species group of Costa Rican Onthophagus. The COI gene forms
the primary barcode sequence for members of the animal kingdom (Ratnasingham and Hebert 2007); more
than 95% of species in test assemblages of various animal groups have been shown to possess distinctive COI
sequences (Hebert et al. 2003, 2004; Ward et al. 2005; Hajibabei et al. 2006). Cases of incomplete resolution
involve closely allied species (Ratnasingham and Hebert 2007). Although barcoding analyses are not phylo-
genetic analyses, mitochondrial DNA (mtDNA) has been widely employed in phylogenetic studies because it
evolves much more rapidly than nuclear DNA, thus accumulating differences between closely related species
(Mindell et al. 1997). Hill (2017) has proposed that mitochondrial genotype and the COI DNA barcode gap
should be viewed as reasonable approximations of actual species boundaries as it represents the best current
method for diagnosing species.

Interestingly, mtDNA barcoding (COI) is not always diagnostic (Sharkey et al. 2021). Sharkey et al. (2021)
indicate that in several cases where Braconidae (Kang et al. 2017) have been studied, the conventional threshold
of 2% COI divergence used to separate species (Jones et al. 2011) is not achieved, and still, braconid specimens
have a distinct morphology and host data. A similar situation was observed with Lepidoptera (Janzen et al. 2011),
where six skipper butterfly species were quickly separated by caterpillar coloration, food plant, and ecology had
less than a 2% difference in their barcodes. Therefore, relying solely on COI barcode sequences will overlook
cryptic species that cannot be separated as adult specimens in a conventional key (Janzen et al. 2011).
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The tree was generated using the BOLD System and employing the sequences of Onthophagus specimens
from various barcoding projects to which we have access. Nucleotide sequences used for the generation of the
tree correspond to 115 records of specimens identified in the BOLD System as Onthophagus and from which 50
sequences of more than 650 bases were obtained. The tree was generated by the Bold System using the “Taxon ID
Tree” tool under the sequence analysis panel on the “Project Console” and “Record List” pages. In the Bold Sys-
tem, the Taxon ID Tree functionality allows tree generation from selected sequences using the neighbor-joining
algorithm. For the generation of the trees (Fig. 26, 40), the Multipage Classic Tree type and Kimura 2 parameter
distance model options were selected (K2P is a nucleotide substitution model for estimating genetic differences,
distinguishing between transition and transversion rates, while assuming that the four nucleotide frequencies are
the same and that rates of substitution do not vary among sites, Kimura 1980). The K2P Model is the best metric
available when measured distances are low (Nei and Kumar 2000). Trees are built using the Neighbor-Joining
Tree Building Method (a popular method for finding the balanced minimum evolution, Saitou and Nei 1987)
and the COI-5P marker. Sharkey et al. (2021) found that NJ trees help identify sister species, closest neighbors,
and species complexes. BOLD aligns sequences using a Hidden Markov Model profile of the COI protein (Rat-
nasingham and Hebert 2007). The generated trees (Fig. 26, 40) were edited using Photoshop to simplify it to just
one specimen when the terminal branch showed multiple specimens.

Janzen and Hallwachs (2016) suggest that DNA barcoding, combined with morphology, ecology, micro-
geography, and behavior has transformed Victorian methodologies and species-level taxonomy. Sharkey et al.
(2021) believe that DNA barcoding produces a more integrative taxonomic approach, solving problems of incor-
rectly lumped species, discovering, and defining species-complexes, and signaling trivial morphological variation
used to define species boundaries. We agree with the concepts and points presented by Sharkey et al. (2021) and
strongly recommend an integrative approach followed in taxonomic studies as much as possible.

Results

Phanaeus (Notiophanaeus) olsoufieffi Balthasar, 1939

Phanaeus blanchardi Olsoufieff 1924: 92 (not P. blanchardi Harold 1871: 114).
Phanaeus olsoufieffi Balthasar 1939: 242.

Phanaeus bothrus Blackwelder 1944: 209.

Phanaeus panamensis Moctezuma and Halffter 2021: 36. New subjective synonym.

Moctezuma and Halffter’s (2021) work on the endymion group of Phanaeus includes the description of a new
species from Costa Rica and Panama, Phanaeus panamensis, which we here conclude is a junior synonym of P
olsoufieffi for the following reasons:

Their figure 7C (p. 28) depicts a putative paralectotype of P. blanchardi, which they regard as assignable to
P. malyi Arnaud 2002 (their figure 7A and 7B). However, we believe that the specimen in their figure 7C is not
assignable to P. malyi because it clearly possesses flat elytral interstriae, a feature shared with P. olsoufieffi and P.
funereus Balthasar, 1939; P. malyi has raised elytral interstriae. We conclude that the specimen in their figure 7C
is P. olsoufieffi (P. funereus is ruled out because it has the head and pronotum dull metallic red and the major male
with a keel absent in the middle of the anterior pronotal margin) and that its label locality “Colombia” cannot be
assigned to P. malyi, a species restricted to the Pacific rainforest of Costa Rica and Panama (Solis and Kohlmann
2012). Moctezuma and Halffter (2021: 28, fig. 7C) mention an illegible label pinned to this specimen, it says
Obert which is shorthand for Oberthiir, signaling the Oberthiir Collection. The misapplication of elytral relief
(flat vs convex) also comes to play in Moctezuma and Halffter’s (2021) key to species, couplets 10, 14-17, which
confound the identities of several species, including P. pyrois.

Moctezuma and Halffter (2021) also indicated previous authors (Edmonds 1994; Arnaud 2002; Edmonds
and Zidek 2012; Solis and Kohlmann 2012; Kohlmann et al. 2018) mistakenly reported P. olsoufieffi from Pan-
ama. Using material not studied by Moctezuma and Halffter (2021) and supplied by Dr. Roberto Cambra of the
University of Panama, we checked Panamanian material (Fig. 5) and concluded that the specimens are indeed
P. olsoufieffi. The lamella copulatrix has been studied for Panamanian and Costa Rican specimens (Figures 3-4),
and in all cases, it is the typical one for P. olsoufieffi, as presented by Moctezuma and Halffter (2021: 9, fig. 1]). Our
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study of Panama specimens has found no lamellae copulatrices resembling the one for P. panamensis, as shown
by Moctezuma and Halffter (2021: 9, fig. 1L).

River Martinez (TAMUIC) has kindly provided us with photographs of the endophallite of the holotype
(Fig. 38; Cerro Campana, Panama), a paratype (Barro Colorado Island, Canal Zone, Panama), and a non-para-
type (Fort Kobbe, Canal Zone, Panama) of P. panamensis. Figure 39 is the endophallite of the holotype of P.
panamensis as depicted by Moctezuma and Halffter (2021, fig. 1L). Comparing the two, it is clear they do not
look the same. The endophallite photographed by TAMUIC (Fig. 38) is the same as a typical P. olsoufieffi (Fig.
3, 4). We are at a loss to explain this photographic difference. The photographs of the male paratype and non-
paratype of P. panamensis sent by TAMUIC are also P. olsoufieffi. Still, as stated before, we have not been able to
find an endophallite resembling the one photographed by Moctezuma and Halffter (2021) either in Panamanian
or in Costa Rican specimens at our disposal.

Moctezuma and Halftter (2021: 52, fig.16) also present a map indicating based on just one locality, Estacion
La Selva in Heredia, that P. panamensis extends its distribution to the northern Caribbean of Costa Rica. We
have been studying the dung beetles of Costa Rica for more than thirty years, including Estacién La Selva, and
have not yet been able to find any P. olsoufieffi (Fig. 1) in Costa Rica. Neither have we been able to detect the
large areas of sympatry (Figure 5) between P. malyi, P. pyrois and, P. panamensis (Fig. 2) that Moctezuma and
Halffter (2021: 38) write about. Curiously, Moctezuma and Halftter (2021) report only one locality for P. pyrois
and P. panamensis for Costa Rica but mark two localities apiece in their text map. Similarly, we have not found
any lamella copulatrix of the sort described by Moctezuma and Halffter (2021) among Costa Rica Phanaeus
specimens, so it is highly likely that this taxon does not occur in Costa Rica. Up to this day, we have been able
to collect P. pyrois (665 specimens) along the Caribbean coast of Costa Rica (Fig. 5), showing a great variety of
color morphs, (see below).

Whereas P. olsoufieffi is described as a larger species by Moctezuma and Halftter (2021), with typical charac-
teristics of large specimens (central anterior pronotal margin keeled, male pronotal posterolateral angles strongly
developed and projected); P. panamensis is considered a smaller species with its concomitant characteristics
(central anterior pronotal margin not keeled, male pronotal posterolateral angles weakly developed and slightly
projected). However, contrary to the species’ key description of P. panamensis (Moctezuma and Halffter 2021:
54), with a keel always absent on the central anterior margin of the male pronotum, the diagnosis of P. panamen-
sis by Moctezuma and Halffter (2021: 36) does indicate otherwise that major males have an obsolete keel in the
middle of the anterior pronotal margin.

Along the same line, P. pyrois shows convex interstriae, whereas the holotype of P. panamensis shows them
flat and the striae are not impressed basally, as is the case with P. olsoufieffi. However, the female paratype shown
in the photograph has convex interstriae and striae strongly impressed basally (Moctezuma and Halftter 2021:
fig. 10B). River Martinez generously provided us with a photo of a female paratype (Fort Kobbe, Canal Zone,
Panama) that clearly depicts that the interstriae are flat. We list below the material supplied by Dr. Cambra from
the University of Panama that we examined.

Revised material (21). PANAMA. Coclé. El Copé, 900 m, 22-23 sept 1990, col. R. Cambra, J. Coronado; Valle de
Anton, 8 Oct 2006, J. Jaén, heces humanas; 1 sept 1987, col. D. Quintero, R. Cambra, R. Rodriguez; El Valle, La
Mesa, 850 m, 29v-9vi 2000, D. Curoe, B. Ella cols. (7). Colén. Pipeline Road, 20 Ago 1982, col. B. Gill (2) Darién.
PN Darién Cana, 400 m, 8-15 V 02, flight intercept trap, D. Curoe col.; PN Darién, Pirre, Est. Rancho Frio, 80 m,
18-24 ene 2001, (hec. hum.), R. Cambra, A Santos; 450 m, 24-26 mar 2001, A. Santos, Malaise; 3-17 oct 2002, R.
Cambra, A. Santos. Los Santos. Tonosi, Res. For. La Tronosa, Los Planes, 350 m, 7°21'N 80°28'W, heces hum, 20
abr 2 may 2006 R. Cambra (1). Panama Oeste. Canal Area, Barro Colorado Island, 10-12 Feb 2005, E. Andresen,
S. Laurence, dung bait, morphospecies 18; morphospecies 20; July 1992 at howler dung (6).

Phanaeus (Notiophanaeus) pyrois Bates, 1887
Phanaeus pyrois Bates 1887: 58.

Moctezuma and Halftter (2021: 42) stated that the elytral striae of P. pyrois are not strongly impressed basally and
according to their key’s couplet 10 (2021: 54), the “elytral interstriae are distinctly flattened”. We do not agree with
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Figures 1-5. Phanaeus spp. 1) Elytra of P. olsoufieffi. 2) Elytra of Phanaeus pyrois. 3) Lamella copulatrix of P. ol-
soufieffi from Valle de Antén, Panama. 4) Lamella copulatrix of P. olsoufieffi from Barro Colorado Island, Panama.
5) Known distribution of Phanaeus malyi, P. pyrois, and P. olsoufieffi in lower Central America. Right arrow,
Barro Colorado Island; left arrow, Valle de Antén.
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this statement; the elytral striae are indeed strongly impressed basally and the interstriae are convex (Fig. 2), and
these characters easily separate this species from P. olsoufieffi (Fig. 1).

Phanaeus pyrois is the most color variable taxon of the endymion species group (Moctezuma and Halffter
2021). However, no detailed analysis of the different color morphs has heretofore been undertaken. We present a
study of several color morphs in Costa Rica (Figs. 6-10) and their relative frequencies (Fig. 11). Our analysis of
665 P. pyrois specimens shows metallic red (Fig. 6) to be the most common color morph, followed by a dark blue
(Fig. 7), a dark green (Fig. 8), a red with green reflections (Fig. 9), and finally a dark red (Fig. 10). As can be seen
from figures 12 and 13, these frequencies vary geographically. There is a greater percentage of red, red with green
reflections, and dark red morphs in the northern part of its range, whereas there is a greater percentage of dark
blue and dark green morphs in the southern portion.

Cupello et al. (2022) have undertaken an exquisitely detailed color analysis of Bolbites onitoides Harold,
1868 another Phanaeini, on the question of whether its two-color variants (blue and red) represent distinct
subspecies. They concluded that B. onitoides should be treated as a single monotypic species for the following
reasons:

« Two color intermediates were found living among the main color variants (red and blue);

o the distribution of the variants overlaps;

« no other characters paralleled color variation;

o the overall geographical pattern (blue western-half and a red eastern-half) can be explained by phenomena
other than (incipient) speciation, such as phenotypic plasticity and distinct selective regimes; and

« color has been extensively shown not to be a reliable indicator of speciation processes among dung beetles,
especially among the Phanaeini (Edmonds, 1994, 2000; Edmonds and Zidek, 2004, 2010, 2012; Solis and

Kohlmann 2012; Cupello and Vaz-de-Mello 2013, 2014, 2016; Cupello et al. 2022).

The same reasoning can be applied to P. pyrois, although the number of color variants and intermediaries is
greater. Notably, P. pyrois represents the northernmost distribution of a taxon of this species group having a red
color. The southernmost species with red color is P. funereus in Ecuador and is repeated in Colombia and Pan-
ama by P. olsoufieffi. Interestingly, to the north of P. pyrois populations in Costa Rica, only black, blue, and green
species are present. Our taxonomic conclusion is that P. pyrois is a single, monotypic, polychromatic species.

Onthophagus bidentatus Drapiez, 1819 and Onthophagus marginicollis Harold, 1880

Onthophagus bidentatus (Fig. 14) was described by Drapiez in 1819 from French Guiana. Medina and Pulido
(2009) report it from the Colombian Orinoquia. Rossini et al. (2016) report it from Panama, Trinidad and Tobago,
Brasil, Peru, and Suriname. Rossini et al. (2016) also write that this is a common species in open habitats but rare
in transitional forested areas. It also has been cited for Ecuador (Chamorro et al. 2018). Recently, Taboada-Verona
et al. (2019) have reported its presence in Sucre, Colombia.

Rossini et al. (2018) indicate that O. bidentatus belongs to the O. hircus complex, part of the O. hircus spe-
cies group. Onthophagus marginicollis Harold, 1880 (Fig. 15) is also a member of this complex, and we here
analyze the distribution of both species for Costa Rica. In the case of Costa Rica, O. bidentatus had not been
previously reported. However, its presence has now been confirmed, and Costa Rica apparently represents the
northernmost occurrence of this species (Fig. 16).

Figure 16 shows clearly that O. bidentatus is distributed in the Pacific Rain Forest of southern Costa Rica,
plus isolated localities in the Nicoya Peninsula. These localities usually represent rainforest patches in the deep
gorges of the Nicoya mountains, where the broken terrain maintains damp and stable rainforest patches. On the
other hand, O. marginicollis is distributed along the Pacific and Caribbean coasts (Fig. 17). Interestingly, the two
species are sympatric along the Pacific coast (Figs. 16-17). They can be collected in the same trap or manure,
apparently coexisting even though they occupy the same niche, living in open or disturbed habitats.

Onthophagus cyanellus Bates

Onthophagus cyanellus Bates 1887: 81.
Onthophagus mesoamericanus Zunino and Halffter 1988: 123 (new synonymy by Kohlmann and Solis 2001: 196).
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Figures 6-11. 6) Red morph of P. pyrois.7). Dark blue morph of P. pyrois. 8). Dark green morph of P. pyrois. 9).

Red with green reflections morph of P. pyrois. 10). Dark red morph of P. pyrois. 11). Color pie-chart of the Costa
Rican P. pyrois populations, n = 665.
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Onthophagus mesoamericanus Zunino and Halffter (restoration of species status by Pulido-Herrera and Zunino 2007:
109).

Onthophagus mesoamericanus Zunino and Halffter (synonymy reaffirmed by Solis and Kohlmann 2012: 12).

Onthophagus mesoamericanus Zunino and Halffter (restoration of species status by Moctezuma 2021: 194).

Onthophagus mesoamericanus Zunino and Halffter, reaffirmed subjective synonymy.

Zunino and Halffter (1988) described O. mesoamericanus Zunino and Halffter, 1988 based on three specimens,
two males and one female from Costa Rica. In 2001, Kohlmann and Solis synonymized this species with O.
cyanellus. This decision was based on studying the two paratypes of O. mesoamericanus deposited in the Muséum
National d’'Histoire Naturelle, Paris, and studying a lectotype of O. cyanellus from the Natural History Museum,
London (Kohlmann and Solis 2001), plus 490 specimens of O. cyanellus deposited in the INBio collections. The
main characteristics differentiating O. mesoamericanus from O. cyanellus, according to Zunino and Halffter
(1988), are the green color, a black clypeal margin, and pronotal slope, and an unarmed male frontal keel. These
characteristics, plus characteristics of the male genitalia, were studied and compared with the ones presented
by Costa Rican O. cyanellus populations, and the diagnostic characteristics were found to fall within observable
variation of O. cyanellus. The synonymy was based on the study of blue, green, and copper morphs of O. cyanellus
from Costa Rica. Zunino and Halftter (1988) also wrote that the type locality, Cedros, referred to Cerro Cedial in
the Cordillera de Talamanca. However, Cedros is a district of San José, which has been now thoroughly urban-
ized and lies in the Cordillera Central. Likewise, the only two paratypes of O. mesoamericanus are from “Rancho
Redondo” in Cartago, a locality located in the Cordillera Central.

In 2007 Pulido-Herrera and Zunino published an atlas of the American Onthophagini which considered
both species valid. This situation prompted a reanalysis by Solis and Kohlmann (2012) of material from Costa
Rica and reaftirmation of their initial conclusion of synonymizing O. mesoamericanus and O. cyanellus.

Subsequently, Moctezuma (2021) resurrected O. mesoamericanus based on the analysis of its holotype and
the following numbers of studied O. cyanellus: 20 specimens from Costa Rica, ten from Panama, and 390 speci-
mens from Mexico, plus a photograph of the O. cyanellus lectotype and two photos of O. mesoamericanus from
the BOLD database. He indicated that the database specimens belonged to two females; actually, the one he cited
as ASSCR1194-11 is a hypothelic male, not a female. Further, he indicated that these specimens are registered as
O. mesoamericanus in the BOLD database, whereas they are labeled as O. cyanellus in that same database (Fig.
8). So, Moctezuma (2021) revalidated O. mesoamericanus based on comparing one specimen, the holotype, with
specimens of O. cyanellus. We disagree with his action for the reasons indicated in the sections below.

For the present study, we examined the Costa Rican O. cyanellus material stored in the Museo Nacio-
nal (National Museum) of Costa Rica, housing 617 specimens and Nicaraguan material from the Angel Solis
Collection, as well as the BOLD taxonomic platform. We also examined personally the two paratypes of O.
mesoamericanus (Fig. 34-37). The following taxonomic analysis utilizes morphological (external and genitalia),
genetic, and biogeographical characteristics.

Color and mtDNA variation

Many years of collecting by us reveal that many Costa Rican populations of O. cyanellus contain blue, copper, and
green specimens in the same locality at the same time (Fig. 18-23) along the Cordillera Central and the Cordil-
lera de Talamanca. In other words, polychromy is part of the population variation of this species in Costa Rica.
A similar phenomenon has been observed and reported for Costa Rica in the case of Canthon cyanellus LeConte,
1859 (Solis and Kohlmann 2002), populations of which can include up to five color morphs in one locality. Table
1 summarizes color morph frequencies for O. cyanellus in two Costa Rican locations.

Of note is the fact that relative abundance (frequency) of blue morphs declines while frequencies of green
and copper morphs increase in the Cordillera Central compared to the Cordillera de Talamanca (Fig. 24). The
blue morph always dominates, with green and copper morphs coming in second or third place (Table 1). Some
rare color morphs are blue-green and copper-green individuals. One possible explanation for the presence of
color morphs is the recent colonization of the Cordillera Central by populations originating from the Cordillera
de Talamanca and the concomitant genetic drift caused by small founder populations. This recent spread could
have been caused by the Last Glacial Maximum (=20 ka, Jackson et al. 2019; Kohlmann et al. 2019) or facilitated
by the establishment of cattle ranching in the area during the last 470 years. Another possibility is that O. cyanellus
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Figures 12-17. 12) Color pie-chart of the northern Caribbean P. pyrois populations, northward of the 10° N
latitude line, n = 462. 13). Color pie-chart of the southern Caribbean P. pyrois populations, southward of the
10° N latitude line, n = 203. 14). Male Onthophagus bidentatus. 15). Male Onthophagus marginicollis. 16). Known
distribution of O. bidentatus. 17). Known distribution of O. marginicollis.
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Table 1. Number and frequency of color morph specimens of O. cyanellus in the Cordillera Central and Cordil-
lera de Talamanca, Costa Rica.

Color Cordillera Central Cordillera de Talamanca Total

Blue 164 (62%) 332 (94%) 496 (80%)
Green 80 (30%) 16 (5%) 96 (16%)
Copper 21 (8%) 4 (1%) 25 (4%)
Total 265 352 617

populations in the Costa Rica-Panama area represent a limit to the distribution range for this species. O. cyanel-
lus populations in the Sierra Madre Oriental in Mexico represent the other distributional (possibly initial) range
limit. Due to different climatic and ecological conditions, allele frequency may differ from the northern to this
extreme southern boundary. Zunino and Halftter (1988: 135) considered that O. cyanellus represents a success-
tul old distribution, having crossed the two North American tropical portals, the Tehuantepec Isthmus, and the
Nicaraguan Lake region, into the mountains of Costa Rica and Panama.

Further study of color morph variation figures in the comprehensive mtDNA barcode analysis (COI) that
is being done for the Scarabaeinae fauna of Costa Rica (Solis and Kohlmann 2012; Kohlmann et al. 2019. An
mtDNA barcode tree is presented here (Fig. 26), encompassing several species of the O. chevrolati species group
(Zunino and Halftter 1988), of which O. cyanellus is a member. Three color morphs from two Costa Rican locali-
ties, one green from Grecia (Alajuela) and a blue and a copper morph from La Unidén (Cartago), were analyzed,
forming the O. cyanellus species-complex separate from the other complexes derived from the analysis. The aver-
age mtDNA genetic distance separating the three different O. cyanellus color morph specimens (1.15%) in Figure
26 is below a 2% bp sequence divergence, considered the conventional threshold for separating species (Jones et
al. 2011), so the specimens can be considered as assignable to the same species (see discussion below).

Zunino and Halffter (1988: 30) illustrate the chevrolati species group using a phylogenetic diagram. They
define and further divide the 58 species comprising the group into several species’ complexes (Zunino and Halff-
ter 1988: 30; see also Halftter et al. 2019) This species group is perhaps the most common one on the American
continent. Several species complexes of the O. chevrolati species group are recovered at distances greater than
a 2% COI divergence, supporting the proposed species complexes proposed originally by Zunino and Halffter
(1988). Three species complexes are evident: cyanellus, chevrolati (O. cochisus Brown, 1927), and brevifrons (O.
brevifrons Horn, 1881 and O. subtropicus Howden and Cartwright, 1963). Zunino and Halffter (1988) proposed
the cyanellus species complex within this species group, which is cleanly recovered in the species tree. The cyto-
chrome c oxidase I (COI) results show a clear mitochondrial DNA distance difference between the cyanellus
species complex and the branch with the other members of the chevrolati species group (Fig. 26). Although the
present analysis does not include all species, the tree recovers three of the ten species complexes proposed by
Zunino and Halffter (1988) and Halffter et al. (2019).

A more detailed mtDNA barcode tree (Fig. 40), mixing all three-color morphs and several localities, shows
that the O. cyanellus populations in Costa Rica form a single species, including those from localities in the Cordil-
lera Central and the Cordillera de Talamanca (Fig. 25). The intraspecific cytochrome ¢ oxidase I (COI) results
for O. cyanellus show a lower mitochondrial DNA average genetic distance difference (average Kimura-2-param-
eter [K2P] =1.15%, max = 2.3%, min = 0%) than found for a Phanaeus sister-species pair, P. beltianus Bates, 1887
and P. changdiazi Kohlmann and Solis, 2001 (average Kimura-2-parameter [K2P] = 3.0%) (Solis and Kohlmann
2012). These average values are below those that Johns and Avise (1998) found (K2P difference)—3.5% in 47
pairs of bird sister species—and well below the value of 12.56% that measures the average Kimura-2-parameter
[K2P] representing the average genetic distance between O. cyanellus and the O. brevifrons+cochisus+subtropicus
branch. O. cyanellus shows a 12.26% average genetic distance difference with O. brevifrons, a 12.75% average dif-
ference with O. cochisus, and a 12.76% average difference with O. subtropicus. These results support the proposal
that the three-color morphs of O. cyanellus are assignable to a single species.
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The maximum genetic distance difference (2.3%) between O. cyanellus specimens in Figure 40 is the
one shown between a blue specimen from Rio Zarcero (ASolis000801) and a copper specimen of Rio Seco
(ASolis001054). The two localities are only 4.5 km apart and apparently do not support a genetic difference
caused by widely separated localities. As can be seen from the previous values, the maximum genetic distance dif-
ference (2.3%) is much below average interspecific mtDNA genetic differences (12.56%) within the O. chevrolati
species group. Moreover, the genetic variation of O. cyanellus (0.0%-2.3%) does not overlap with the interspecific
genetic variation (11.70%-13.75%) of the O. chevrolati species group (Fig. 26) forming a barcode gap, thus sug-
gesting again that the three-color morphs of O. cyanellus represent a single species.

It is essential to consider the significance of intraspecific COI I variability in more detail, and in this con-
text, it is useful to consider the work of Zhang and Bu (2022). Following an analysis of 64,414 insects, they
found that 44.43% of the species studied showed a maximum intraspecific genetic distance ranging from 0 to 1%
and 62.87% of the species varied from 0 to 2%. By contrast, the numbers of species whose maximum intraspe-
cific genetic distances exceeded 2% and 3% were 37.13% and 26.62%, respectively. The maximum intraspecific
genetic distances over 3% for Coleoptera (8968 studied species) were observed in 23.1% of the species studied.
Approximately one-quarter of the species of Insecta studied by them showed high intraspecific genetic varia-
tion (>3%), and a conservative estimate of this value ranges from 12.05% to 22.58% In a similar analysis of 1004
European species of Lepidoptera, Huemer et al. (2014) reported that for two localities separated by 1,600 km in
Finland and Austria, maximum intraspecific genetic distances for the COI pooled data were less than 2% for 880
species (87.6%), while wider divergence was detected in 124 species. For the present study we found maximum
intraspecific genetic variation of 2.3% for the Costa Rican populations of O. cyanellus, a value well within the
limit for comparing variations among conspecific populations.

Clypeal margin, pronotal slope, frontal keel, and polymorphism

Zunino and Halffter (1988) specified a black clypeal margin and pronotal slope, and a simple male frontal keel
as diagnostic characters of Onthophagus cyanellus. The black clypeal margin and pronotal slope are a matter of
color contrast. In blue color morphs of O. cyanellus, because the morph is dark blue, neither the clypeal mar-
gin nor the pronotum stands out. However, in the green and copper color morphs, because they are paler, the
color contrasts strongly with black areas. Regarding the unarmed male frontal keel, the holotype of O. meso-
americanus is a euthelic specimen. However, hyperthelic specimens of the green morph have an armed frontal
keel (Fig. 27). Moctezuma (2021: 195) warns against using characters derived from O. cyanellus hypothelic
males for establishing diagnostic characters, without realizing that the same applies to euthelic and hyperthelic
males, as is the case of the O. mesoamericanus holotype. Moctezuma (2021: 195) proposed more diagnos-
tic characters based on a single euthelic holotype, including less developed pronotal secondary tubercles; an
almost straight or convex pronotal projection of frontal border; a more robust pronotal projection; and a more
strongly medially sinuated frontal carina. When a green O. mesoamericanus hyperthelic male is compared to
the other hyperthelic color morphs, they all show the same characteristics. Thus, the preferable comparison is
among specimens of the same degree of development. Figures 27-29 compare the male head in a hyperthelic
(Fig. 27), euthelic (Fig. 28), and hypothelic (Fig. 29) green color-morph specimen and it is evident that the
hyperthelic specimen has an armed frontal keel, the euthelic specimen shows a keel with a hint of horns, and
the hypothelic specimen has an unarmed keel. Significant differences can also be observed in the shape of the
clypeus. As can be seen from the photographs (Fig. 27-29), as horn size decreases, the clypeus varies from
subquadrate to sub-circular to a female-like circular one.

As Taborsky and Brockmann (2010) reported, the differences in head and pronotal armament that the
Onthophagus manifest as male polymorphism represent a mechanism where the expression of alternative phe-
notypes is related to alternative reproductive tactics aimed at reproductive success. In the case of O. cyanellus,
a clear male trimorphism occurs, hyper-, eu-, and hypothelic males (Fig. 18-23, 27-29, 32-34). Rowland et al.
(2017) have studied male trimorphism in phanaeine dung beetles (Phanaeus triangularis (Say, 1823) and Oxy-
sternon conspicillatum Weber, 1801) and propose the rock-paper-scissors (RPS) model of game theory and the
environmental threshold (ET) model of quantitative genetics to model trimorphisms that are environmentally
induced and result from the expression of two ontogenetic thresholds that produce three reproductive tactics:
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Figures 18-23. Male hyperthelic O. cyanellus, dorsal view, blue morph Zarcero, Alajuela. 19). Male hyperthelic
O. cyanellus, lateral view, blue morph. 20). Male hyperthelic O. cyanellus, dorsal view, green morph La Unidn,
Cartago. 21). Male hyperthelic O. cyanellus, lateral view, green morph. 22). Male hyperthelic O. cyanellus, dorsal
view, copper morph La Unién, Cartago. 23). Male hyperthelic O. cyanellus, lateral view, copper morph.
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Figures 24-28. Distribution of the three-color morphs of O. cyanellus in Costa Rica. 25). Map showing the locali-
ties from where the mtDNA barcode population analysis has been done for this paper. 26). Mitochondrial DNA
barcode analysis (COI) of some O. chevrolati species group species. Onthophagus cyanellus and its three-color
morphs: green (La Unidn, Cartago); copper, and blue (Grecia, Alajuela) (copper @, green M, blue A). 27) Head
of hyperthelic O. cyanellus green morph male (La Unidn, Cartago). Note developed frontal keel horns and the
characteristic sub-quadrate clypeus shape. 28). Head of euthelic O. cyanellus green morph male (Cerro Turd,
Heredia). Note poorly developed frontal keel horns and the characteristic sub-circular clypeus shape.
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dominant alpha males (hyperthelic) defend mating arenas with long horns; subdominant beta males (euthe-
lic) compete less successfully with short horns and female-like and hornless gamma males (hypothelic) sneak
access to mating arenas. We believe this model can be applied to O. cyanellus. Although this species does not
have as strongly developed head horns as the above phanaeines, pronotal projections vary considerably from
significantly developed hyperthelic projections (Fig. 18-23) to almost female-like projections (Fig. 34 and 36).
Head shape varies as well (Fig. 27-29). We believe that these pronotal projections function analogously to head
horns in other species.

Male genitalia, allometry, and shape variation

Halffter et al. (2019: 18) indicated that: “Kohlmann and Solis (2001) synonymized O. mesoamericanus with O.
cyanellus, a synonymy that we maintain for this work. The lamella copulatrix of the holotype was broken during
the initial preparation, preventing its study from confirming synonymy. Consequently, the remaining type mate-
rial needs to be revised, and additional male specimens of O. mesoamericanus need to be collected and studied”
Notwithstanding their advice, Moctezuma (2021) referred to the broken lamella copulatrix in his treatment of
O. mesoamericanus. He mentions in his figure caption (Moctezuma 2021: 220, fig. 27) that the right lobe of the
lamella copulatrix of O. mesoamericanus is damaged, but he did not mention or notice that part of the keel (fold)
of the basal margin of the lamella copulatrix was missing. The original drawing of the holotype of the lamella
copulatrix of O. mesoamericanus by Zunino and Halffter (1988: 125, fig. 76) clearly shows the existence of two
keel folds, not one, at the basal margin of the lamella copulatrix. Withal Moctezuma (2021: 195) indicated in his
text that the lamella copulatrix of O. mesoamericanus was damaged, he nevertheless used the presence of a single
keel fold as a characteristic differentiating O. mesoamericanus from the double keel of O. cyanellus.

We agree with the detailed morphological description of the lamellae copulatrices of the O. chevrolati
species group presented by Zunino and Halffter (1988: 17-19) in all but a single detail: While they describe a
spiny lamellar band, a membranous fold covered by small sclerified spines, our impression is that this lamellar
band is not a spiny membranous fold but is instead a chitinous shell (Fig. 30c, 31c) like the rest of the lamella
copulatrix, which we refer to as lamellar band. We present here for the first-time depictions of the assembled
lamella copulatrix (Fig. 30) and the lamellar band (Fig. 30c, 31c), which were not illustrated by Zunino and
Halffter (1988).

We examined personally the two paratypes (Fig. 34-37) of O. mesoamericanus deposited in the Museum
National d’Histoire Narurelle (Paris). Both paratypes fall within the color and morphology variation patterns of
O. cyanellus proposed here and do not show specific differences as reported previously by Kohlmann and Solis
(2001) and Solis and Kohlmann (2012). The genitalia preparations could not be studied as they were poorly
prepared. An attempt to dissolve the hardened Canada balsam of the male slide to study the lamella copulatrix
was not successful. No further attempts were made for fear of further damaging the preparations. The paratypes
mtDNA could not be studied, old specimens show degraded genetic material.

We undertook a comparative analysis of the male genitalia of hyper-, eu-, and hypothelic males (Fig. 30-33)
of O. cyanellus. The keel of the basal margin of the lamella copulatrix varies in shape but not size. The hypothelic
specimen (Fig. 32) shows the keel of the basal margin as a very narrow cleft; that of the euthelic specimen (Fig.
31e) shows a more open cleft; and that of the hyperthelic specimen (Fig. 33) has a wide cleft. However, the size
of the basal margin is about the same among the three morphs, which we interpret as a case of negative static
allometry where the genitalia of small males of a species are disproportionally large, and those of large males are
disproportionally small (Eberhard et al. 2008). As in the case of the male frontal keel, clypeus, and pronotum we
observe that specimens show an allometric variation in specific structures of the lamellae copulatrices. Eberhard
et al. (2008) seem to have been the first to report that size and shape are independent traits of genitalia; that rapid
divergence in the shape of genitalia is thus not inconsistent with the reduced variation in their sizes. Parzer et
al. (2018) studied genital shape and size in Onthophagus and found significant intraspecific variation in genital
shape and size variation. They also found that genital shapes evolved faster than relative genital size, whereas
shapes of all structures evolved faster than their relative size. The keel of the basal margin of O. cyanellus seems
consistent with the idea of Eberhard et al. (2008) and Parzer et al. (2018), that keel shape changes faster than its
relative size (Fig. 30-33).
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Figures 29-33. Head of hypothelic O. cyanellus green morph male (Estacion Barva, Heredia). Note almost non-
existent frontal keel horns and the characteristic circular clypeus shape. 30). Lamella copulatrix of a euthelic
green morph specimen (Estacién Barva, Heredia). Disassembled lamella copulatrix: a) main copulatory lamella,
b) secondary lamella, ¢) lamellar band, d) keel of the right branch, e) keel of the basal margin. Terminology from
Zunino and Halffter (1988). 31). Lamella copulatrix of a euthelic green morph specimen (Estacion Barva, Here-
dia). Disassembled lamella copulatrix: a) main copulatory lamella, b) secondary lamella, c) lamellar band, d) keel
of the right branch, e) keel of the basal margin. Terminology from Zunino and Halftter (1988). 32). Hypothelic
main copulatory lamella from a copper color morph (Monte de la Cruz, Heredia. 33). Hyperthelic main copula-
tory lamella from a copper color morph (La Unidn, Cartago).
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Figures 34-39. Male paratype of hypothelic O. mesoamericanus, Rancho Redondo, Cartago. 35). Labels and
genitalia slide of male hypothelic O. mesoamericanus paratype. 36). Female paratype of O. mesoamericanus, Ran-
cho Redondo, Cartago. 37). Labels and genitalia slide of female O. mesoamericanus paratype. 38). Endophallite
of the holotype of P. panamensis photographed by TAMUIC (Cerro Campana, Panama). 39). Photograph of the
endophallite of the holotype of P. panamensis as depicted by Moctezuma and Halffter (2021, fig. 1L).



CoSsTA RICAN AND PANAMANIAN DUNG BEETLES INsecTA MuNDI 0972 - 17

40

Figure 40. Mitochondrial DNA barcode analysis (COI) of different color morphs of Costa Rican O. cyanellus
specimens: blue, copper, and green (copper @, green W, blue A). Specimens marked in light green (B) are the two
“mesoamericanus” photographs referenced by Moctezuma (2021) labeled Bosque del Nifo, Est. Guardaparques
and Cerro Pico Blanco, respectively.
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Discussion

Taxonomic decisions should be based on as much, and as many kinds of information as possible. The descrip-
tion of new species should be based ideally on large enough series that enables population studies. Typological
approaches should be avoided. A large enough sample series should allow for as holistically as possible approaches
in systematics, using morphological, genetic, ecological, behavioral, and biogeographic information. A significant
point to consider, especially in dung beetle taxonomy, is the existence of discrete morphological types. Compari-
sons should be made only between the same morphological types. Detailed analyses and descriptions should be
prepared for all known size morphs.
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