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Abstract

Brachycephalus is a genus of small ground-dwelling anurans, endemic to the Brazilian Atlantic Forest. Recent molecular analyses
have corroborated the monophyly of three species groups within this genus (B. ephippium, B. pernix, and B. vertebralis). In the
meantime, the genus has been targeted as a group with recent taxonomic issues owing to its interspecific morphological similarity
and genetic conservatism. Herein, we describe a new species of Brachycephalus from the northern portion of Serra do Mar mountain
range, in the state of Rio de Janeiro, Brazil. It belongs to the B. vertebralis species group, exhibiting moderate hyperossification of
the skull and vertebral column. The new species can be distinguished from all other congeners based on morphological, acoustic, and
molecular data. Furthermore, we provide information on osteology and natural history of the new species.
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Introduction

The Neotropical anuran family Brachycephalidae cur-  vent length) from less than 20 mm to more than 50 mm,
rently comprises two genera: Brachycephalus Fitzinger, —whereas the former contains only miniaturized species
1826 and Ischnocnema Reinhardt & Liitken, 1862. The less than 20 mm in snout—vent length (Hedges et al.
latter comprises species varying in body size (snout— 2008; Condez et al. 2021). The genus Brachycephalus
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is endemic to the Brazilian Atlantic Forest and current-
ly comprises 40 species, ten of which were described
within the last five years (see Frost 2023). Species within
the genus Brachycephalus exhibit a high degree of local
endemism, with more than half of them (21 species) be-
ing known only from their type locality (e.g., B. guarani
Clemente-Carvalho et al., 2012; B. crispus Condez, Cle-
mente-Carvalho, Haddad & Reis, 2014; B. puri Almei-
da-Silva, Silva-Soares, Rodrigues & Verdade, 2021; B.
tabuleiro Mangia et al., 2023), and eleven species being
known only from their type locality and its surroundings
(e.g., B. pitanga Alves, Sawaya, Reis & Haddad, 2009;
B. margaritatus Pombal & Izecksohn, 2011; B. actaeus
Monteiro et al., 2018; B. clarissae Folly et al., 2022).

The first published phylogenetic hypothesis focused
on Brachycephalus (Clemente-Carvalho et al. 2011),
based on all 14 species known at the time, indicated the
existence of two main clades: one containing the bright-
ly-colored species with hyperossification of skull and
skeleton and the other containing the brightly-colored
non-hyperossified ones; however, the relationships of the
two cryptically colored species formerly included in the
genus Psyllophryne Izecksohn, 1971 (see Kaplan 2002)
were not consistent, with B. hermogenesi (Giaretta &
Sawaya, 1998), in particular, being recovered in different
positions in different gene trees (always with strong sup-
port, and usually within one of the brightly-colored spe-
cies groups). Subsequently, it was proposed to allocate
the species of Brachycephalus into three species groups
based on morphological characters: the B. didactylus, B.
ephippium, and B. pernix groups (Pie and Ribeiro 2015;
Ribeiro et al. 2015; Bornschein et al. 2016). However, re-
cent molecular phylogenetic studies, recovered only two
of these groups as monophyletic (the B. ephippium and B.
pernix groups), while species previously assigned to the
B. didactylus group were not recovered as a clade (e.g.,
Condez et al. 2020; Folly et al. 2020, 2022; Dos Reis et
al. 2021; Almeida-Silva et al. 2021). Lyra et al. (2021)
recovered a similar topology in a phylogenomic study in-
cluding nine Brachycephalus species.

More recently, Folly et al. (2022) reappraised the
species groups within Brachycephalus, specifically di-
viding the B. ephippium species group into two distinct
groups (previously referred to as lineages by Condez et
al. 2020) based on solid phylogenetic relationships and
osteological characters (Condez et al. 2020; Folly et al.
2020; Dos Reis et al. 2021): (1) the B. vertebralis spe-
cies group, with ossification at the distal end of the fourth
vertebral process (moderate condition of skull and skel-
etal hyperossification), including B. alipioi Pombal &
Gasparini, 2006, B. bufonoides Miranda-Ribeiro, 1920,
B. crispus, B. guarani, B. nodoterga Miranda-Ribeiro,
1920, B. pitanga, B. toby Haddad, Alves, Clemente-Car-
valho & Reis, 2010, and B. vertebralis Pombal, 2001;
and (2) the B. ephippium species group, with cranial and
dorsal bony plates (extreme condition of skull and skel-
etal hyperossification), including B. darkside Guimaraes,
Luz, Rocha & Feio, 2017, B. ephippium (Spix, 1824), B.
garbeanus Miranda-Ribeiro, 1920, B. ibitinga Condez et
al., 2021, B. margaritatus, and B. rotenbergae Nunes et

al., 2021. As suggested by Folly et al. (2021a, 2022), we
do not consider the B. didactylus species group due to
its non-monophyly. Therefore, the following species of
Brachycephalus are not attributed to any species group
and will be herein collectively referred as “flea-toads™:
B. clarissae, B. didactylus (I1zecksohn, 1971), B. hermo-
genesi, B. pulex Napoli, Caramaschi, Cruz & Dias, 2011,
B. puri, and B. sulfuratus Condez et al., 2016.

Herein, we describe a new species of Brachycephalus
belonging to the B. vertebralis species group (sensu Fol-
ly et al. 2022), from the Parque Estadual do Desengano,
municipality of Santa Maria Madalena, northern portion
of the state of Rio de Janeiro, Brazil. The new species’
description is based on an integrative approach, involving
morphological (including osteological features), molecu-
lar, and bioacoustic data analyses.

Material and Methods

Morphological data

For morphometrics, a single person (M. Folly) took 18
measurements (in mm) from each of the 17 collected
specimens with an ocular micrometer in a Leica MZ-6
stereomicroscope (0.01 mm): snout—vent length (SVL;
ventral distance from the tip of the snout to cloacal open-
ing); head length (HL; dorsal distance from the tip of the
snout to angle of jaw); head width (HW; greatest width
of head located between angles of jaw); nostril diameter
(ND; maximum width of the nostril); inter-nostril dis-
tance (IND; taken between inner margins of nostrils);
nostril-tip of snout distance (NSD; from anterior margin
of nostril to the tip of the snout); interorbital distance
(IOD; interval between the inner edges of the orbits); eye
diameter (ED); eyelid width (EW); eye-nostril distance
(END; from anterior corner of the eye to posterior margin
of nostril); arm length (AL; distance between axilla and
elbow); forearm length (FAL; distance between elbow
and wrist); hand length (HAL; distance between the wrist
and the tip of Finger III); Finger-11I length (FIL; inser-
tion between Fingers II-1I1 to the tip of Finger III); thigh
length (THL; distance from the cloaca to the knee); shank
length (SL; distance from the ankle to the knee); foot
length (FL; distance between the ankle and the tip of Toe
[IT); and Toe-III length (TL; insertion between Toes 11111
to the tip of Toe III). Except for FL, which is modified
to include tarsus length, all these measurements follow
Duellman (1970), Cei (1980), and Heyer et al. (1990).
Some measurements (ND, NSD, ED, FIL, and TL) were
also included because they are informative and currently
adopted by taxonomists working with the genus Brachy-
cephalus (Condez et al. 2016). The sex of specimens was
determined by gonad examination. To evaluate sexual
dimorphism, we tested differences in body size between
males and females using the T-test (R Core Team 2022).
For comparisons with other species in the genus we used
data both from specimens examined in collections (see
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Table S1) and from the literature (especially original de-
scriptions and redescriptions of taxa). We followed Sabaj
(2016) for museum acronyms. Descriptive terminology
of the snout follows Heyer et al. (1990). The fingers were
numbered [I-V following Fabrezi and Alberch (1996).

One adult specimen (MNRJ 42407) was cleared and
double-stained for osteological observations, following
the methods of Taylor and Van Dyke (1985), with few
modifications. Two males (CFBH 28048 and 28133), and
two females (CFBH 28131 and 28137) were CT-scanned
on a Skyscan/Bruker equipment, model 1173 available in
the Nuclear Instrumentation Laboratory, COPPE, at the
Universidade Federal do Rio de Janeiro. The images were
obtained in a voltage and current of 40 kV and 190 pA,
respectively. Terminology of cranial osteology follows
Campos et al. (2010) and Trueb (2015); hyolaryngeal
skeleton follows Trewavas (1933); pectoral girdle fol-
lows Trueb (1973); that of manus and pes follow Fab-
rezi (1992, 1993, 2001); and vertebral column follows
Campos et al. (2010). The resulting files were archived
on MorphoSource.org database (available at http://mor-
phosource.org), with the following ID numbers: CFBH
28048 (ID: 000588996), CFBH 28133 (ID: 000589012),
CFBH 28131 (ID: 000589003). and CFBH 28137 (ID:
000589019).

Molecular data and phylogenetic
analysis

In this study, we obtained novel molecular information
from nine specimens within the new species. Three mi-
tochondrial gene segments were selected: 12S ribosom-
al RNA (12S rRNA), 16S ribosomal RNA (16S rRNA),
and cytochrome b (cyt b). GenBank accession numbers
are listed in Table S2. We performed PCRs using a PCR
Master Mix and a pair of primers for each gene segment,
respectively listed here: 12SJL forward (AAAGRTTTG-
GTCCTRRSCTT) and 12SKH reverse (TCCRG-
TAYRCTTACCDTGTTACGA) published in Goebel et
al. (1999); 12SM forward (GGCAAGTCGTAACAT-
GGTAAG) and 16SA reverse (ATGTTTTTGGTAAA-
CAGGCQG) published in Darst and Cannatella (2004);
MVZI15-L forward (GAACTAATGGCCCACACWW-
TACGNAA) published in Moritz et al. (1992) and Cyt-
bAR-H reverse (TAWAAGGGTCTTCTACTGGTTG)
published in Goebel et al. (1999). Thermocycling con-
ditions for 12S rRNA and 16S rRNA amplification be-
gan with a denaturation at 94 °C (5 min), followed by
35 cycles of denaturation at 94 °C (1 min), annealing at
50-52 °C (1 min), and a final extension step at 72 °C
after the final cycle (5 min). Amplification conditions for
cyt b were the same as described above, except that the
annealing temperatures were adjusted to primer-specific
temperatures ranging from 50 to 55 °C. PCR products
were visualized in 1% agarose gels and sent to Macrogen
Inc. (Seoul, Republic of Korea) for purification and se-
quencing reactions. Resulting electropherograms for both
DNA strands were analyzed using Chromas Lite 2.01 and
edited using MEGA X and adjusted manually to generate

consensus sequences for each specimen. Sequences were
checked with basic local alignment search tool (Altschul
et al. 1997) against the GenBank nucleotide database to
ensure that the amplified product was correct and not con-
taminated. We also confirmed the authenticity of the cyt b
gene fragment by amino acid translations.

We complemented our sampling with available se-
quences from the GenBank database (Table S2). Our
database comprises molecular information for 126 termi-
nals, including the currently known diversity within the
Brachycephalus vertebralis species group and several
candidate species (Condez et al. 2020). We used Pristi-
mantis savagei (Pyburn & Lynch, 1981) (Strabomantidae:
Pristimantinae) to root the tree, and the outgroup taxa:
Oreobates quixensis Jiménez de la Espada, 1872 (Stra-
bomantidae: Pristimantinae), Holoaden bradei Lutz, 1958
(Strabomantidae: Holoadeninae), in addition to Ischnoc-
nema guentheri (Steindachner, 1864), 1. holti (Cochran,
1948), I. parva (Girard, 1853), and I. verrucosa (Rein-
hardt & Liitken, 1862) (Brachycephalidae), following
recent systematic relationships within the new world di-
rect-developing frogs (Padial et al. 2014; Heinicke et al.
2018).

Four mitochondrial gene segments were included in
our analysis: 12S ribosomal RNA (12S rRNA, 826 bp),
16S ribosomal RNA (16S rRNA, 1548 bp), Cytochrome
C oxidase subunit I (COI, 706 bp), and cytochrome b (cyt
b, 691 bp); along with three nuclear gene segments: Re-
combination-activating protein 1 and 2 (RAGI, 691 bp;
RAG?2, 491 bp), and Tyrosinase (Tyr, 571 bp). Sequenc-
es were then aligned using MAFFT 7.402 (Katoh and
Standley 2013). For 16S rRNA alignment we chose the
Q-INS-i strategy that considers RNA secondary structure
(Katoh and Toh 2008), the default transition-transversion
cost ratio, and gap opening penalty. For other alignments,
MAFFT automatically selected the L-INS-i accurate
strategy. We concatenated mitochondrial and nuclear
gene fragments using Sequence Matrix 1.0 (Vaidya et al.
2011).

We used PartitionFinder 2.1.1 (Lanfear et al. 2017) to
select the optimal partition scheme and nucleotide sub-
stitution models for each fragment, except for the pro-
tein coding genes, which had individual codon positions
treated as separated partitions. We adopted the corrected
Akaike Information Criterion (AICc) to select the best-fit-
ting model for each gene, considering all possible models
(JC, K80, SYM, F81, HKY, and GTR, with +G, +1, and +I
+@ as additional parameters), linked branch lengths, and
the greedy search algorithm. After this, we performed a
Bayesian Inference analysis in MrBayes 3.2.6 (Ronquist
et al. 2012), running two independent analyses with four
chains each, adopting the Markov Chain Monte Carlo ap-
proach (MCMC). We ran 100 million generations, sam-
pling every 10,000 generations, and discarding the first
25% of generations as burn-in. Parameter convergen-
ces were checked in Tracer 1.6 (Rambaut et al. 2014).
Trees were summarized in a majority-rule consensus tree
where the node support values correspond to the Posteri-
or Probabilities. Tree topology was edited using FigTree
1.4.3 (Rambaut 2016) and Illustrator (Adobe Inc. 2019).
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MAFFT, PartitionFinder and MrBayes analyses were
run at the CIPRES Science Gateway Portal (Miller et al.
2010). Additionally, we calculated the uncorrected pair-
wise genetic distances (p-distances) within the new spe-
cies sequences and among its related taxa. We conducted
this analysis using Mega X (Kumar et al. 2018; Stecher
et al. 2020), considering the pairwise deletion of gaps and
missing data.

Advertisement call analysis

The advertisement call description was based on un-
vouchered recordings from Parque Estadual do Desen-
gano, trail to Pico do Desengano, municipality of San-
ta Maria Madalena, state of Rio de Janeiro, Brazil
(21°52°49.17S, 41°55°0.9”W; 1167 m a.s.l.; WGS84).
Three distinct calling males were recorded with a Ma-
rantz PMD-660 digital recorder coupled to an external
unidirectional Sennheiser ME-66 microphone by T.H.
Condez, on 22 February 2011 at 13:55 p.m. (28.5°C, 75%
UR), and on 23 February 2011 respectively at 16:00 p.m.
(20.1°C, 88% UR) and 16:40 p.m. (21.2°C, 81% UR).
Recordings were made at 44.1 kHz sampling rate and
sample size of 16 bit in the mono pattern. Even though
no other species in the area has the same call character-
istics, the taxonomic assignment was confirmed by the
collection of specimens in the targeted area immediately
after the recordings were taken. Sound files are depos-
ited in Fonoteca Neotropical Jacques Vielliard, at Uni-
versidade Estadual de Campinas (respectively as FNJV
58772, 58773, and 58774). Prior to the analysis we tested
500-2000 Hz high-pass filters to sound files to try re-
ducing the background noise using Audacity v2.1.1 (Au-
dacity Team 2017). As we were still not able to analyze
the oscillograms after background filtering, we kept the
original recordings for subsequent analysis. We therefore
recognize that further recordings are necessary to refine
some of the temporal parameters presented for the adver-
tisement call of this species. Bioacoustic analyses were
performed using 20 calls per individual in the program
Raven Pro 1.5 (Bioacoustics Research Program 2014).
Spectrograms were produced with a Hann window type,
window size 512 samples, overlap 90% (locked), hop
size 51 samples, DFT size 1024 samples (locked), grid
spacing 43.1 Hz, brightness and contrast in default, and
color map Cool. We used the note-centered approach and
quantified ten advertisement call parameters, according
to Kohler et al. (2017; but see Hepp and Pombal 2019):
(1) call duration (s), (2) inter-call interval (s), (3) num-
ber of notes per call (notes/call), (4) note repetition rate
(notes/s), (5) number of pulses per note (pulses/note), (6)
number of pulses/note (pulses/note), (7) pulse repetition
rate (pulses/s), (8) dominant frequency (peak frequency
in Raven Pro 1.5), (9) lower and (10) upper frequencies
(kHz; frequency 5% and frequency 95% in Raven Pro
1.5, respectively). Values are presented as the parameter
range plus the average + standard deviation (in parenthe-
sis). The sound graphics were prepared in R 4.0.1 (R Core
Team 2020) using the package Seewave v2.1.0 (Sueur et

al. 2008), with the spectrogram settings Hann window,
90% overlap, 256 samples resolution, and a color scale
defined by 50 relative dB.

Results

Brachycephalus herculeus sp. nov.

https://zoobank.orgBA016993-4B11-4770-A245-
7688E37823CE

Figure 1

Chresonymy.
Brachycephalus sp. — Siqueira et al. (2011)
Brachycephalus sp. 2 — Condez et al. (2020); Folly et al. (2022)

Holotype. MNRIJ 42408, adult male, Parque Estadual do
Desengano, vicinity of Estalagem Morumbeca, munici-
pality of Santa Maria Madalena, state of Rio de Janeiro,
Brazil (21°52°42.3”S, 41°55°11.9”W; 1100 m a.s.l.), col-
lected by D. Vrcibradic on 3 June 2006.

Paratypes. MNRJ 42407, adult, cleared-and-stained
specimen, collected with the holotype. MNRIJ 42409,
adult male, collected by C.C. Siqueira on 6 June 2006;
MNRIJ 42410, adult male, collected by H.G. Bergallo on
May 2006, all in the same site as the holotype. MNRJ
52718, adult female, and MNRJ 52719-52721, adult
males, Parque Estadual do Desengano, Estalagem Mo-
rumbeca, municipality of Santa Maria Madalena, state of
Rio de Janeiro, Brazil (21°52'33"S, 41°55'08"W; 1050 m
a.s.l.), collected by A. Chagas, A. Kury, C. Sampaio and
T. Moreira, from 13—17 May 2008. CFBH 28049, adult
female, CFBH 28124, 28129-30, 28135, adult males,
and CFBH 28128, 28132-34, 28136-38, individuals of
undetermined sex, including juveniles, Parque Estadual
do Desengano, trail to Pico do Desengano, municipality
of Santa Maria Madalena, state of Rio de Janeiro, Brazil
(21°52'49.1"S, 41°55'0.9"W; 1167 m a.s.l.), collected by
M.T.C. Thomé, F.A. Brusquetti, and T.H. Condez, from
21-28 February 2011. CFBH 2734245, Parque Estadual
do Desengano, trail to Pico do Desengano, municipality
of Santa Maria Madalena, state of Rio de Janeiro, Brazil
(21°52'45.3"S, 41°55'07.0"W; 1130 m a.s.l.), collected
by C. Canedo, T. Brunes, M. Gehara and M.T.C. Thomé,
on 20 November 2010.

Diagnosis. Brachycephalus herculeus sp. nov. is distin-
guished from all its congeners by the following combi-
nation of characters: (1) skin on head and dorsum with
dermal ossification; (2) skull with hyperossification
of postorbital crests, which can be seen externally; (3)
fourth presacral vertebra with transverse processes hyper-
ossified, not ornamented and not visible externally; (4)
urostyle crest extending up to 2/3 of urostyle length; (5)
long oesophageal process of hyolaryngeal apparatus; (6)
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Table 1. Measurements (in millimeters) of specimens of Brachycephalus herculeus sp. nov. Abbreviations are mean (X); standard
deviation (SD); snout—vent length (SVL); head length (HL); head width (HW); nostril diameter (ND); internostril distance (IND);
eye diameter (ED); eyelid width (EW); interorbital distance (IOD); eye—nostril distance (END); nostril-tip of snout distance (NSD);
thigh length (THL); shank length (SL); foot length (FL); Toe-III length (TL); arm length (AL); forearm length (FAL); hand length

(HAL); and Finger-1V length (FIL).

Males (n =9) Females (n =7)

Measurement — -

X SD Range X SD Range
SVL 12.4 0.8 11.8-14.7 14.4 0.5 13.9-15.2
HL 2.7 0.3 24-3.4 2.8 0.1 2.6-2.9
HW 53 0.2 5.0-5.5 5.5 0.3 5.1-5.8
ND 0.2 0.0 0.1-0.3 0.2 0.1 0.1-0.3
IND 1.6 0.9 1.5-1.8 1.8 0.1 1.7-2.1
ED 1.5 1.0 0.8-1.2 1.6 0.1 1.6-1.8
EW 0.9 0.1 0.8-1.2 1.0 0.1 0.9-1.2
10D 2.1 0.1 1.9-2.2 2.3 0.1 2.1-2.5
END 0.6 0.1 0.5-0.7 0.7 0.0 0.6-0.7
NSD 0.5 0.1 0.5-0.6 0.5 0.1 0.4-0.6
THL 5.0 0.6 4.1-5.9 59 0.3 5.5-6.4
SL 5.1 0.4 4.5-5.6 54 0.1 53-5.6
FL 7.5 0.5 6.8-8.5 8.2 0.3 7.8-8.6
TL 2.7 0.6 1.9-2.9 3.1 0.1 3.0-3.3
AL 39 0.4 3.2-45 4.4 0.5 3.8-5.0
FAL 34 0.5 2.9-4.6 3.6 0.2 3.2-39
HAL 2.5 0.4 2.1-3.5 2.6 0.2 2.2-29
FIL 1.4 0.1 1.3-1.6 1.6 0.1 1.4-1.8

general color in life orange with dorsal green irregular
patch; (7) presence of osteoderms; (8) presence of black
connective tissue scattered over dorsal musculature; (9)
medium body size for the genus (SVL of adults: 11.8—
14.7 mm for males and 13.9-15.2 mm for females; (10)
advertisement call characterized by one note repeated in
sequence, commonly comprised of 8—12 pulses.

Comparisons with other species. The presence of hy-
perossification in the skeleton and skin with dermal ossi-
fication on the head and dorsum distinguish the new spe-
cies from all members of the B. pernix species group (B.
actaeus, B. albolineatus, B. auroguttatus, B. boticario,
B. brunneus, B. coloratus, B. curupira, B. ferruginus, B.
fuscolineatus, B. izecksohni, B. leopardus, B. mariaetere-
zae, B. mirissimus, B. olivaceus, B. pernix, B. pombali,
B. quiririensis, B. tabuleiro, B. tridactylus and B. ver-
rucosus; Pombal et al. 1998, 2018; Ribeiro et al. 2005,
2015, 2017; Alves et al. 2006; Garey et al. 2012; Pie et
al. 2015; Bornschein et al. 2016; Monteiro et al. 2018a;
Mangia et al. 2023), and from B. clarissae, B. didactylus,
B. hermogenesi, B. pulex, B. puri, and B. sulfuratus, all
of which lack hyperossification (Izecksohn 1971; Giaret-
ta and Sawaya 1998; Napoli et al. 2011; Condez et al.
2016; Almeida-Silva et al. 2021; Folly et al. 2022). Also,
the absence of metacarpal and metatarsal tubercles distin-
guishes B. herculeus sp. nov. from B. hermogenesi (meta-
carpal and metatarsal tubercles present; Giaretta and
Sawaya 1998) and from B. auroguttatus, B. boticario, B.
brunneus, B. fuscolineatus, B. izecksohni, B. leopardus,
B. mariaeterezae, B. olivaceus, B. pitanga, B. pulex, B.
quiririensis, B. toby and B. verrucosus (outer metatarsal

tubercles present, Giaretta and Sawaya 1998; Ribeiro et
al. 2005. 2015; Alves et al. 2009; Haddad et al. 2010; Na-
poli et al. 2011; Pie and Ribeiro 2015).

Brachycephalus herculeus sp. nov. lacks the quadratoju-
gal, as in other species of the B. ephippium and B. verte-
bralis groups (except B. crispus, in which the quadrato-
jugal may be present or not), whereas in species of the B.
pernix group the quadratojugal is present (Ribeiro et al.
2005; Alves et al. 2006; Campos et al. 2010; Bornschein
et al. 2016; Condez et al. 2016; Monteiro et al. 2018a).

The general orange background color in life of
Brachycephalus herculeus sp. nov. distinguishes it from
that of the flea-toads B. didactylus, B. hermogenesi, B.
pulex, B. puri, and B. sulfuratus, which exhibit a brown
or gray general body color (Izecksohn 1971; Giaret-
ta and Sawaya 1998; Napoli et al. 2011; Condez et al.
2016; Almeida-Silva et al. 2021), and B. clarissae, which
has the dorsal region mainly light brown and the ventral
region yellow with scattered red blotches (Folly et al.
2022). The new species also has a larger body size (adult
SVL: 11.8-15.2 mm; Table 1) than the aforementioned
flea-toads (maximum SVL < 11 mm in all six species;
Izecksohn 1971; Almeida-Santos et al. 2011; Napoli et
al. 2011; Condez et al. 2016; Almeida-Silva et al. 2021;
Folly et al. 2022).

Brachycephalus herculeus sp. nov. can be distinguished
from the extremely hyperossified species of the B. ephip-
pium species group (B. darkside, B. ephippium, B. gar-
beanus, B. ibitinga, B. margaritatus, and B. rotenbergae)
by the absence of a dorsal bony shield (which is present in
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Table 2. Interspecific uncorrected p-distances based on the 16S rRNA gene for the species within the B. vertebralis group. Minimum

and maximum values are given as percentages (%). The number of analyzed individuals for each species (in parentheses), followed

by their intraspecific distances are presented in bold.

Species 1 2 4 5 6 7 8 9
an
1 | Brachycephalus herculeus sp. nov. 0.0
. L » A3)
2 | Brachycephalus alipioi 2.5-3.0 0.0
) 3)
3 | Brachycephalus bufonoides 0.5-0.8 | 3.0-3.0 0.0-0.1
. (2)
4 | Brachycephalus crispus 2.8-4.0 | 29-35 | 42-5.1 0.1
: 3)
S | Brachycephalus guarani 3249 | 2.1-3.1 | 41-5.1 | 03-1.3 0.0-0.1
6 | Brachycephalus nodoterga 3.043 | 2.0-2.8 | 4046 | 1.7-2.7 | 1.829 0 52] 1
7 | Brachycephalus pitanga 2840 | 2224 | 4042 | 0001 | 01 | 1621 (()2())
8 | Brachycephalus toby 3.2-43 1.9-24 | 3.94.1 1.5-23 | 1.6-1.8 | 0.3-0.7 | 1.5-1.7 (()33
9 | Brachycephalus vertebralis 2838 | 1.9-25 | 3.6-40 | 0.1-14 | 0.1-1.3 | 1.3-2.1 | 0.6-0.8 | 1.2-1.3 (()4())

those species; Pombal 2010; Pombal and Izecksohn 2011;
Guimaraes et al. 2017; Nunes et al 2021; Condez et al.
2021). Further, Brachycephalus herculeus sp. nov. exhib-
its black connective tissue scattered over the dorsal mus-
culature (Fig. 2). This feature distinguishes this species
from B. izecksohni, B. pernix, and B. pitanga, all of which
lack this pigmentation (Guimaraes et al. 2017). Regard-
ing B. garbeanus and B. margaritatus, some specimens
of these species were reported to present a few scattered
areas with dark pigmentation in the dorsolateral region
adjacent to the dorsal musculature, while in B. vertebralis
there is some internal dark pigmentation around the ver-
tebral column (Guimaraes et al. 2017).

The new species is easily separated from other species
of the B. vertebralis species group, except B. toby, by its
general color orange with a green irregular patch on the
dorsum (see color pictures of other species of the B. ver-
tebralis group in Pombal and Gasparini 2006; Alves et
al. 2009; Haddad et al. 2013; Condez et al. 2014; Cle-
mente-Carvalho et al. 2016; Folly et al. 2020). Also, B.
herculeus sp. nov. can be separated from the other species
of the B. vertebralis group, except for B. nodoterga and
B. crispus, by the presence of wart-like osteoderms on
the skin of the dorsum, flanks, venter, arms, and legs (see
Folly et al. 2021a). The new species’ dorsal aspect is sim-
ilar to that of B. nodoterga, which also presents greenish
coloration on dorsal surfaces, but differs from the latter
in that its dorsal color is leaf green (olive green in B. no-
doterga) and does not extend to the flanks and to the sides
of the head as it does in B. nodoterga.

Brachycephalus herculeus sp. nov. is the sister species
of B. bufonoides according to our molecular analysis
(Fig. 3). These species exhibit some of the smallest inter-
specific genetic distances among all pairs of species with-
in the Brachycephalus vertebralis group (Table 2). They
also share a prominent pelvic region, which is externally

marked as a v-shaped bulge (presumably representing the
protrusion of the iliac bones underneath) whose vertex
lies at the posterior end of the body and whose tips ex-
tend to the middle of the trunk on either side; this char-
acteristic distinguishes Brachycephalus herculeus sp.
nov. and B. bufonoides from the other species of the B.
vertebralis group. Notwithstanding, Brachycephalus her-
culeus sp. nov. is easily distinguished from B. bufonoides
by the presence of osteoderms on the skin (absent in B.
bufonoides), by its greenish dorsal color in life (orange in
B. bufonoides), and by the advertisement call comprised
by notes with 10—12 pulses (notes with 13—17 pulses in B.
bufonoides). Furthermore, in terms of osteology and in-
ternal anatomy, the new species can be also distinguished
from B. bufonoides by its lateroposteriorly oriented
parotic plate (posteriorly oriented in B. bufonoides), oe-
sophageal process of hyolaryngeal cartilages longer than
arytaenoids (shorter than arytenoids in B. bufonoides),
absence of an elbow sesamoid (present in B. bufonoides),
paravertebral plates not ornamented (ornamented in B.
bufonoides), and dorsal crest of the urostyle extending for
2/3 of its length (extending for all its length in B. bufonoi-
des; Folly et al. 2020, 2021a).

Description of the holotype. Adult male; head wider
than long (HL/HW = 0.42%); head length approximately
18% of SVL; snout short, with length equivalent to 77%
of eye diameter, rounded in lateral and dorsal views; nos-
trils protuberant, oriented posterolaterally; canthus ros-
tralis distinct and straight; loreal region weakly concave;
mouth nearly sigmoid; eye slightly protruding in dorsal
and lateral views, eye diameter 60% of HL; tympanum
absent; choanae relatively small and round; vomerine
odontophores absent. Upper arm around 78% of forearm
length; length of upper arm plus forearm 58% of SVL;
hand 58% of upper-arm length; fingers III and IV distinct;
fingers II and V vestigial; tip of finger III rounded, tip
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Figure 1. Holotype of herculeus, new species (MNRJ 42408). A Dorsal, B ventral, and C lateral views of the body; D ventral view
of foot, and E ventral view of hand. Scale bar = 1 mm.

of finger IV slightly pointed; finger III smaller than fin-  foot longer than thigh (FL/THL = 0.76); toe I externally
ger IV; metacarpal tubercles absent. Tibia slightly shorter ~ absent and toe V vestigial; toes II, I1I, and I'V distinct; toe
than thigh (TL/THL = 0.90); thigh and tibia 86% of SVL;  II reduced; tip of toes II and III rounded, tip of Toe-IV
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Figure 2. Ventral and dorsal view of dissected preserved specimens of Brachycephalus herculeus, new species (CFBH 28130),

showing scattered areas with pigmentation (dark tissue) in the dorsolateral region adjacent to the dorsal musculature, also around

the line of the spinal vertebrae.

pointed; relative length of toes II < III < IV; metatarsal
tubercles absent. Skin on dorsum, flanks, venter, and dor-
sal and ventral surface of legs and forearms with warty
appearance, due to the presence of osteoderms; granular
skin on ventrolateral surfaces of body and area around the
cloacal opening.

Measurements of holotype (in mm). SVL 13.4; HL 2.5;
HW 6.0; ND 0.1; IND 1.7; ED 1.5; EW 1.1; IOD 2.2;
END 0.7; NSD 0.4; THL 6.1; SL 5.5; FL 8.1; TL 2.8; AL
4.4; FAL 3.4; HAL 2.5; FIL 1.3.

Coloration of holotype in preservative (Fig. 1). Fore-
arms and legs gray; hands, feet, arms, lateral and ven-
tral sides of the body beige; two contiguous dorsal paired
dark gray marks bordering the vertebral column; scat-
tered whitish warts (osteoderms) on the dorsum, flanks,
arms, and legs; a cream line below each eye.

Color in life (Fig. 4). General background color or-
ange; central area of head and dorsum and dorsal part of
thighs and shanks green. Osteoderms, appearing as light
yellow “warts” distributed throughout most of the body
and limbs. Hands, feet, elbows, knees, and ankles or-
ange. Ventral surface of body bright yellow. Eyes entirely
black, with no visible delimitation between pupil and iris.

Variation. Morphometric variation is given in Table 1.
On average, females (SVL = 14.5 = 0.4 mm; 13.9-15.2
mm, n = 9) of B. herculeus are larger (Welch’s t-test, t
= 4.6443, df = 15.579, p < 0.0003) than males (SVL =
12.8 £ 1.1 mm; 11.8-14.7 mm, n = 11). Semicircular or
rounded snout in dorsal view and rounded in lateral view.
The density of osteoderms in the skin may vary among
individuals, but osteoderms are always less numerous on

the mid-dorsal and mid-ventral regions and practically
absent on the dorsum of head and gular region (Figs 4-6).
Spinal plates weakly to well-delimited externally (Fig. 5).
In preservative, dorsal and lateral surfaces of body can be
cream to gray, varying especially on the head and limbs.
A dissected preserved specimen (CFBH 28130), show
scattered areas with pigmentation (dark tissue) in the dor-
solateral region adjacent to the dorsal musculature, also
around the line of the spinal vertebrae (Fig. 2). The visi-
bility of black connective tissue scattered over the dorsal
musculature is externally represented, in most specimens
(70% of the type-series), by paired contiguous dorsal
dark gray marks bordering the vertebral column (Fig. 5).

Distribution (Fig. 7). Brachycephalus herculeus sp.
nov., is known only from the type-locality, the Parque Es-
tadual do Desengano, in the municipality of Santa Maria
Madalena, state of Rio de Janeiro, southeastern Brazil.
This site is located within the northern portion of the Ser-
ra do Mar Mountain Range.

Natural history. The new species lives amidst the leaf-lit-
ter and can be found active during the day. Most individ-
uals were found hidden amidst the leaf-litter, under fall-
en trunks, and among roots. The holotype and paratype
(MNRJ 42407) were collected on the ground, during noc-
turnal surveys. The holotype was collected using quadrat
sampling (see Siqueira et al. 2011) and thus may have
been disturbed by the revolving of the leaf litter during
the survey, so it is uncertain if it was active at night. The
latter specimen may also have been found inactive under
a decomposing leaf at the time. Paratype (MNRJ 42409)
was found during the afternoon (at 1500 h) inside a bro-
meliad (Vriesea sp.) that was attached to a tree stump, ca.
80 cm from the ground. The specimens collected in 2011,
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Figure 4. Four specimens of Brachycephalus herculeus, new species, in life. Photographs by C. F. D. Rocha (A), C. F. B. Haddad
(B) and T. H. Condez (C, D).

during the rainy season, were on sloping terrain border-
ing trails in the forest. Males were not observed exposed
when calling. An amplectant pair was found hidden under
the leaf-litter in February 2011, during the morning after
a rainy night. When exposed, the male changed its axil-
lary amplexus to inguinal, as described for B. rotenbergae
(Pombal et al., 1994, where it was called B. ephippium)
and the pair moved away looking for shelter. Minutes af-
ter having hidden among the leaf litter, the female left
the place and the male remained immobile. No eggs were
found.

Advertisement call (Fig. 8). The advertisement call of the
new species is characterized by one pulsed note repeated
in sequence, at a rate of 2.5-2.7 notes/s (2.6 + 0.08 s; n =
60; Fig. 8). Call repetition may last for minutes and sug-
gests a long period of calling activity. The call (or note)
has a duration of 0.21-0.33 s (0.25 + 0.05 s; n = 60) and
the inter-call (or inter-note) interval is 0.19—0.20 s (0.19 +
0.00 s; n=80) long. Notes are comprised of 10—12 pulses
(11.0 £ 1.0; n = 60), with each pulse lasting 0.02 + 0.00 s
(n = 60), and the pulse repetition rate is 27-31 pulses/s
(29.0 = 1.70 pulses/s; n = 60). The lower frequency range
is 3.7-4.3 kHz (3.9 £ 0.26 kHz; n = 60), that of the up-
per frequency is 6.0-6.4 kHz (6.2 + 0.17 kHz; n = 60),
and that of the dominant frequency is 4.5-5.1 kHz (4.8 +
0.24 kHz; n = 60).

The main structure of the advertisement call of the new
species, characterized by one note repeated in sequence,
commonly comprised of 10—12 pulses, distinguishes it
from the advertisement call of B. actaeus, B. albolinea-
tus, B. hermogenesi, B. mirissimus, B. olivaceus, B. per-
nix, B. quiririensis, B. tridactylus (in which the notes are
comprised of 1-4 pulses; Monteiro et al. 2018a,b; Born-
schein et al. 2018; Pie et al. 2018; Bornschein et al. 2019),
B. sulfuratus (notes comprised of 4—7 pulses; Condez et
al. 2016), and B. darkside (notes comprised of 6—8 puls-
es; Guimardes et al. 2017). Additionally, the dominant
frequency of the advertisement call in the new species,
ranging from 4.5-5.1 kHz (average of 4.8 + 0.24 kHz) is
also distinct from the ones described for B. hermogenesi
(average of 6.8 + 0.24 kHz; Verdade et al. 2008), B. sul-
Sfuratus (6.2—7.2 kHz, average of 6.7 + 0.3 kHz; Condez
et al. 2016), B. olivaceus (6.4—7.0 kHz, average of 6.2 +
0.2 kHz; Monteiro et al. 2018b), B. quiririensis (6.2—
6.5 kHz, average of 6.3 + 0.2 kHz; Monteiro et al. 2018b),
B. actaeus (6.6-7.3 kHz, average of 6.9 + 0.3 kHz; Mon-
teiro et al. 2018a), B. rotenbergae (2.8—4.5 kHz, average
of 3.8 + 0.35 kHz; Nunes et al. 2021), and B. darkside
(2.9-3.8 kHz, average of 3.4 + 1.8; Guimardes et al.
2017). The call duration in the new species (0.21-0.33 s,
average of 0.25 + 0.05 s) differs from that of B. dark-
side (0.08-0.16 s, average of 0.11 + 0.13 s; Guimaraes
et al. 2017). Some temporal and spectral parameters of
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Figure 5. Dorsal variation in preserved specimens of Brachycephalus herculeus, new species. A CFBH 28124 (male; SVL 12.0 mm),
B CFBH 28129 (male; SVL 12.2 mm), C CFBH 28135 (male; SVL 12.3 mm), D MNRIJ 52721 (male; SVL 11.8 mm), E MNRJ
42409 (male; SVL 12.0 mm), F MNRIJ 52718 (female; SVL 15.2 mm), G CFBH 28132 (female; SVL 14.1 mm), H CFBH 28136
(female; SVL 15.1 mm), and I CFBH 28138 (female; SVL 14.4 mm). Scale bar = 1 mm.

the advertisement call of Brachycephalus herculeus sp.
nov. overlap with those described for B. crispus, B. pi-
tanga, B. bufonoides, and B. ibitinga (Condez et al. 2014;
Oliveira and Haddad 2017; Folly et al. 2020; Condez et
al. 2021). Among these species, the number of pulses per
call (10-12 pulses) distinguishes the new species from
B. bufonoides (notes comprised of 13—17 pulses; Folly
et al. 2020). The inter-call (or inter-note) interval for the
new species (0.19-0.20 s) differs from the ones described
for B. crispus (average of 0.35 s; Condez et al. 2014), B.
pitanga (average of 0.27 s; Oliveira and Haddad 2017),
and B. ibitinga (0.28-0.37 s, average of 0.32 s; Condez

et al. 2021). The note repetition rate (2.5-2.7 notes/s, av-
erage of 2.6 notes/s) reported for the new species differs
from those of B. crispus (average of 1.7 notes/s; Condez
et al. 2014), B. bufonoides (2.0-2.4 notes/s; Folly et al.
2020), and B. ibitinga (average of 1.8 notes/s; Condez et
al. 2021).

Etymology. Herculeus is a Latin adjective meaning very
great, difficult, or dangerous; requiring the strength or
courage of Hercules to challenge or accomplish a mis-
sion, as herculean labor or task (derived from Greek My-
thology). The specific epithet was chosen to represent the
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Figure 6. Ventral variation in preserved specimens of Brachycephalus herculeus, new species. A CFBH 28124 (male; SVL
12.0 mm), B CFBH 28132 (female; SVL 14.1 mm), C MNRJ 52718 (female; SVL 15.2 mm), and D CFBH 28136 (female; SVL
15.1 mm). Scale bar = 1 mm.

“herculean” task that is, for such a small species, to sur-
vive in one of the most threatened forest environments in
the world, the Brazilian Atlantic Forest.

Molecular analysis. We obtained a final aligned matrix
of 5,456 base pairs considering the selected mitochon-
drial and nuclear gene fragments. The optimal partition
scheme and nucleotide substitution models selected for
each data block were GTR+I+G (12S rRNA, 16S rRNA),
K80+G (fist codon position of COI), GTR+I (second co-
don positions of COI and cyt b), GTR+G (three codon po-
sitions of Tyr; first codon positions of RAG1 and RAG2;
third positions of COI and cyt b), SYM~+I+G (first codon
position of cyt b), HKY (second codon positions of RAG1

and RAG2), HKY+G (third codon position of RAG1),
K80+I (third codon position of RAG2). Our main results
corroborate many of the previously published phyloge-
netic hypotheses for the genus Brachycephalus but differs
from those with respect to the position of the flea-toads
B. clarissae, B. hermogenesi, B. puri, B. sulfuratus, and
the candidate species B. sp. 7 and B. sp. 8 (Fig. 3). Nev-
ertheless, our hypothesis supports the position of B. pulex
as sister to all other Brachycephalus species, as suggested
in previous studies (Almeida-Silva et al. 2021; Dos Reis
et al. 2021; Lyra et al. 2021). It also corroborates the po-
sition of B. didactylus as the sister species of the clade
comprised of the B. ephippium and B. vertebralis species
groups (Condez et al. 2020; Dos Reis et al. 2021; Almei-
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Figure 7. Geographic distribution of the hyperossified species within the Brachycephalus vertebralis species group. Note the occur-

rence of Brachycephalus herculeus, new species, in the state of Rio de Janeiro, southeastern Brazil.

da-Silva et al. 2021; Folly et al. 2022). However, our anal-
ysis diverges from previous studies in the phylogenetic
positions of B. hermogenesi, which is known to be fairly
controversial in the literature (see Lyra et al. 2021), and
of B. clarissae (sister to the B. ephippium group instead
of the B. vertebralis group (as B. vertebralis lineage) as
in Condez et al. 2020 or the B. ephippium + B. vertebralis
groups as in Folly et al. 2022). Brachycephalus sulfuratus
was recovered as the sister species to a clade containing
B. puri and two undescribed taxa (Brachycephalus sp. 7
and Brachycephalus sp. 8), but its position relative to the
pumpkin-toadlets remains unstable (e.g., Condez et al.
2020; Folly et al. 2020, 2022; Lyra et al. 2021). The posi-
tion of B. puri in our tree was distinct from that presented
at the original description of the species (Almeida-Silva
et al. 2021), probably due to the inclusion of samples
of the two flea-toad candidate species in our dataset.
Brachycephalus herculeus, new species, was recovered
as monophyletic in our phylogenetic reconstruction, and
was nested within the B. vertebralis species group, as
the sister species of B. bufonoides (Fig. 3). Based on the
genetic distances for the 16S rRNA gene (1548 bp), the
sequences of different individuals of the new species did
not differ from each other (p-distance = 0; n = 11). Within
the B. vertebralis species group, the smallest genetic di-
vergences between the new species and other congeners
were 0.5-0.8% (from its sister species B. bufonoides) and
the greatest was 4.9% (from B. guarani; Table 2).

Osteological description. Skull (Figs 9, 10). Shape and
proportions: Isolated bony structures (osteoderms) are
predominantly distributed on the lateral surfaces of the
body. The skull is wider than long (length/width range
85-95%). The diameter of the orbit is 39—47% of the total
length of the skull. The skull is widest at the prootics, and
the jaw articulation lies anterior to the posterior end of the
skull at the occipital condyles. The upper jaws are rela-
tively short, with the posterior apex lying at the level of
the optic fenestra. Large additional elements associated
with the skull (parotic plate) and vertebrae (vertebral and
paravertebral plates) are dermal bones. — Skull plate.
Exostosis and co-ossification are present in the skull
forming an ornamented ridge-like pattern. Thus, nasals,
dermal sphenethmoid, frontoparietals, squamosals, and
the parotic plate are synostosed and exostosed, forming a
dorsal skull plate. A marginal extension of the frontopari-
etals is fused to the parotic plate, dorsally covering the
exoccipitals and prootics. There is a space between the
parotic plate and a post-orbital crest forming a small con-
cavity that reaches half of the width of the orbit. The
parotic plate is connected and fused medially to the fron-
toparietal and has a lateroposterior orientation related to
the main axis of the skull. The anterior extension of the
parotic plate is small, not covering the articulation be-
tween squamosal and prootic and the posterior extension
does not reach the posterior border of the occipital con-
dyle. The post-orbital crest is latero-posteriorly projected
and well developed, reaching the height of occipital con-
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Figure 8. Advertisement call of Brachycephalus herculeus, new species (FNJV 58774), recorded at Parque Estadual do Desen-

gano, municipality of Santa Maria Madalena, state of Rio de Janeiro, Brazil, 23 February 2011, at 16:00 p.m., air temperature

20.1°C, relative air humidity 88%. A Spectrogram (above) and oscillogram (low quality; below) of four consecutive calls (or notes),
B Spectrogram (above) and oscillogram (low quality; below) of one pulsed call (or note).

dyle. — Dermal investing bones. Nasals: Exostosed.
These bones are completely synostosed with the spheneth-
moid but are not in anteromedial contact. An attenuate
maxillary process contacts the preorbital process of the
pars facialis of the maxilla. Frontoparietals: Expanded
and exostosed. — Neurocranium. Sphenethmoid: Ex-
panded. This bone is dorsally covered by frontoparietals
and nasals. The cartilaginous optic fenestrae are absent.
Fused Exoccipitals and Prootics: Not expanded and nor
exostosed. The epiotic eminence (anterior and posterior)
is undetectable. These bones are dorsally covered by the
skull plate (frontoparietal fused with parotic plate). —
Ventral investing bones. Parasphenoid: The cultriform
process is synostosed with the sphenethmoid (Fig. 9). The
parasphenoid alae are broad and laterally oriented be-
neath the otic capsule; the distal margins of the alae are
wider than the proximal margins, terminating between
the first third and the midpoint of the otic capsule. The
posterior margin (posteromedial process) of the paras-
phenoid terminates in a triangular apex that lye the fora-
men magnum. Neopalatine: Absent. Vomers: Reduced.
The anterior process is triangular with a rounded tip and
is around the same length of the prechoanal process. The
reduced prechoanal process forms the anterior and an-
teromedial margins of the choana and terminates in a
rounded tip. The postchoanal process forms the postero-
medial margin of the choana. The posteromedial margins
of the vomers are moderately separated from each other,
diverging abruptly anteriorly. The pre and postchoanal
processes are around the same length. The dentigerous
process is absent. — Maxillary arcade. Premaxillae:
Each premaxilla is broad and separated from each other
by a short gap in anterior view. The pars dentalis of each
premaxilla lack teeth. In anterior view, the height of the
alary process corresponds to around the length of pre-
maxillae, and the distal tip of each alary process is point-
ed. The basal parts of the alary processes converge medi-
ally. The distal tips diverge from one another. Laterally,
the alary processes are curved. The distal end of each pars

palatina is sharp and converges to each other almost
touching one another. Maxillae: The anterior end of the
maxilla overlaps the posterolateral end of the premaxilla.
Maxilla toothless; its posterior end is rounded and does
not reach the ventral ramus of the squamosal. The pars
facialis is high and thin, extending for less than half the
length of the maxilla. Quadratojugals: Absent. — Sus-
pensory apparatus. Pterygoids: The anterior ramus of
each pterygoid is long, cylindrical, terminating in a trun-
cated apex and extending to the final third of the maxilla.
The medial ramus is short, slightly laminar, has a truncat-
ed end, and invests the prootic. The posterior ramus is
long, triangular, and has a truncated point. Squamosals:
Expanded and exostosed. They are composed of three
rami that render each squamosal as a “T” shaped element
composed by the ventral ramus, the otic ramus (posterior
ramus), and the zygomatic ramus (anterior ramus). The
ventral ramus is the longest of the three and has a rounded
distal end, which is wider than its proximal portion. In
lateral view, the zygomatic ramus is reduced, shorter than
the ventral ramus and the distal end is rounded towards
the maxilla, but without contacting it. In lateral view, the
otic ramus is longer than the zygomatic ramus, and its
distal end is rounded. In dorsal view, the distal end of the
otic ramus is truncated, towards the parotic plate, over-
lapping it. Mandible: The mentomeckelian bones are in
the anterior part of the mandible and are separated from
each other by a short space. In anterior view, the men-
tomeckelians are sharp anteriorly and are fused to the
dentaries laterally. Each dentary invests laterally less than
half of the angulosplenial bone and has a pointed posteri-
or end. They do not overlap the Meckel’s cartilage antero-
laterally. The anterior end of each angulosplenial is
roundly pointed, and the posterior end is robust and
rounded. The posterior end of the angulosplenial bears a
well-developed pars articularis process. — Auditory Ap-
paratus. Columellae absent. Fenestra ovalis posteriorly
oriented. An enlarged and completely ossified operculum
nearly fills the fenestra ovalis. — Hyolaryngeal skeleton
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Figure 9. High-resolution computed tomography (Micro-CT) scans of paratypes of Brachycephalus herculeus, new species, show-
ing osteological features. A Dorsal, B ventral views of the skeleton (CFBH 28131); C left hand in palmar view (CFBH 28133);
D right foot in plantar view (CFBH 28048 and 28137, respectively); E dorsal, F ventral, and G lateral views of the skull (without
the lower jaw; CFBH 28133); H dorsal view of vertebral column (CFBH 28137 and 28133, respectively). The dots surround the
skeleton in (A) and (B) are osteoderms. Scale bars = 1 mm.

(Fig. 10). The hyoid plate is longer than wide, with its
length around four times its smallest width. The anterior
processes are long and form a deep hyoglossal sinus,
which deepens to nearly the height of the alary processes.
The alary and posterolateral processes are much reduced,
and the former is longer than the posterolateral processes.
The posteromedial processes diverge widely to embrace
the broad larynx. The arytenoids are short, semicircular

and narrowly separated from each other, while the oe-
sophageal process is longer than the arytenoids. — Post-
cranium (Fig. 9). Pectoral girdle: The clavicle, procora-
coid, epicoracoid, coracoid, and scapula are completely
ossified and fused, with a large fenestra separating the
clavicle from coracoid; suprascapula not expanded, with
anterior half ossified as cleithrum; omosternum and ster-
num absent. The two sides of the coracoid are well-devel-
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Figure 10. Views of (A) hyolaryngeal skeleton and (B) pelvic

girdle of one of the paratypes of Brachycephalus herculeus, new
species (MNRJ 42407).
Scale bar = 1 mm.

oped with a concave-shaped coracoid and around the
same height giving a quadrangular appearance to the
scapular apparatus. The distal edge of the clavicle bears a
dorsal projection. Vertebral column: The vertebral col-
umn is composed of eight presacral, non-imbricate verte-
brae. Transverse processes of Presacrals III, VI and VII
are perpendicular to the notochordal axis, those of Pre-
sacrals IV and V are inclined posteriorly, and those of
Presacrals II and VIII are inclined anteriorly. Relative
lengths of the transverse process of presacrals IV > SD >
[T > V=VII > II > I. Sacral diapophyses (SD) are moder-
ately expanded and slightly posteriorly oriented; distal
end of diapophyses with a flat, slightly calcified cartilage
that articulates with the ilial shaft of the pelvic girdle.
Sesamoids are present on both sides of sacral diapophy-
ses. There are two types of bony elements associated with
the vertebral column: (1) spinal plates, which lie dorsal to
the vertebra and are generally ornamented (except for the
posteriormost ones, which might not be ornamented);
and, (2) the paravertebral plates, which are associated
with the transverse processes of vertebrae IV; they are
poorly developed, not covering the distal part of the
transverse processes, and are not ornamented. The dorsal
crest of the urostyle extends for 2/3 of its length. The ili-
um crest extends for the whole length of this bone. Ma-
nus: Phalangeal formula of hand 1-2-3—1. The carpus is
composed of a radiale, ulnare, element y fused with Car-
pal 2, and a large postaxial assumed to represent a fusion
of centrale with Carpals 3—5. Prepollex with two elements
ossified and very reduced. Tips of the terminal phalangeal
elements of fingers arrow shaped. A palmar sesamoid is
present. Pes: Phalangeal formula of foot 1-2—3—4-1. Tar-
sus composed of tibiale, fibulare, three individual ele-
ments, including distal tarsal 23, distal tarsal 1, element
y. Distal tarsal 1 is the smallest and articulates with ele-
ment vy, distal tarsal 2-3, and metatarsal I and II. Distal
tarsal 2—3 articulates mainly with metatarsal III, but also
with metatarsal II and IV, and with distal tarsal I. Prehal-
lux has a single element. Tips of the terminal phalangeal
elements of toes II-V arrow-shaped, toes I and V reduced,

digit IV elongated. Plantar and cartilage sesamoids are
present in all specimens. Three sesamoids are present at
the knee region, the larger one might be the graciella ses-
amoid.

Discussion

Osteological, bioacoustic and genetic data seem to be
important to elucidate species limits, especially when
considering extremely diverse lineages (i.e., Monteiro et
al. 2018a). Brachycephalus herculeus sp. nov. is distin-
guished from all its congeners based on morphological,
molecular, and acoustic evidence, relying on divergence
of both internal and external phenotypic traits that char-
acterize the pumpkin toadlets. Within the B. vertebralis
species group, a strong set of morphological characters
distinguishes the new species from its sister taxon B. bu-
fonoides, confirming its specific distinctness.

The genus Brachycephalus represents an interesting
case among anurans, as it contains populations/species that
are barely or not distinguishable in external morphology,
yet separated by relatively deep genetic distances, as well
as species that are distinct from each other morphologi-
cally but have very shallow genetic divergence (Condez et
al. 2020; Folly et al. 2020, 2022; Bornschein et al. 2021;
Almeida-Silva et al. 2021). The former case is frequent
among the cryptically colored species with “flea-toad”
phenotype, whereas the latter case occurs mainly among
the brightly colored species with “pumpkin toadlet” phe-
notype. For example, the very similar-looking flea-toads
B. hermogenesi and B. sulfuratus diverge by 10% in the
16S gene (and are not even sister species), whereas the
morphologically distinct pumpkin toadlets B. nodoterga
and B. foby have practically no divergence (Almeida-Sil-
va et al. 2021). Brachycephalus herculeus sp. nov. and B.
bufonoides represent yet another case of a sister-species
pair whose members differ considerably in external ap-
pearance but present little genetic divergence (<1%).

This is even more remarkable when we consider other
direct-developing taxonomic groups, such as the genera
Ischnocnema (Gehara et al. 2013; Oswald et al. 2023),
Pristimantis (Padial et al. 2009), Euparkerella (Fusinat-
to et al. 2013) and Adelophryne (Lourengo-de-Moraes et
al. 2018), as well as groups with non-free living tadpoles
such as Adenomera (Fouquet et al. 2014), which tend to
exhibit high genetic distances among species. Consider-
ing the natural history and biology of species in the genus
Brachycephalus, which are slow-moving, small-bodied
and lack free-swimming larvae (traits suggestive of low
dispersal ability and limited gene flow among spatial-
ly separated populations), one would expect significant
genetic distances among its species. Yet, the genetic dis-
tance between Brachycephalus herculeus sp. nov. and B.
bufonoides is similar to the ones observed among some
species of Alsodes (Blotto et al. 2013), a group with
free-living tadpoles inhabiting streams. As in previous
studies (Almeida-Silva et al. 2021), we also recorded
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very low genetic divergences (0.0-0.3%) among B. pi-
tanga, B. crispus and B. guarani (see Table 2), despite
their morphological distinctiveness. The extremely low
genetic divergences among some species of pumpkin
toadlets with a high number of diagnostic characters, in-
cluding osteological ones, is remarkable and deserves to
be further investigated. It hints at a very fast rate of mor-
phological differentiation in the genus Brachycephalus,
or at least in some clades within it, though for reasons not
yet understood.

Many species in the genus Brachycephalus have in-
creased cranial ossification while retaining a variety of
juvenile features, with the neopalatine, quadratojugal
and columella liable to be lost in the adults within dif-
ferent lineages (Trueb and Alberch 1985; Alves et al.
2006; Bornschein et al. 2016). The ancestral form of the
genus is presumed to have had a miniaturized body and
to have lacked paravertebral plates, and the evolution of
those plates seems to be correlated with an increase in
body size (Condez et al. 2020; Dos Reis et al. 2021). The
absence of ornamentation on the paravertebral plates of
the new species could be seen as a juvenile feature fol-
lowing the ontogenetic sequence of Campos et al. (2010).
However, the five individuals whose skeletons were ana-
lyzed, all with mature gonads and skull presenting adult
features, confirm this character as diagnostic. Such a mo-
saic of paedomorphic and non-paedomorphic features
in the morphology of adults, as well as the intraspecific
variability in the miniaturized species of Brachycephalus
reiterates the importance of including more than one an-
alyzed skeleton in studies of that genus (Hanken 1984;
Yeh 2002).

Histological analysis of dissected individuals of
Brachycephalus darkside shows the pigmentation in tis-
sue following adjacent muscle fibers, i.e., a connective
tissue covers the dorsal musculature (epimysium) and
is present between muscle fibers (perimysium and en-
domysium). This tissue exhibited spots of extracellular
matrix containing dark pigments, which were reflected in
the macroscopy of fixed specimens as well (Guimaraes
et al. 2017). Concerning the presence of dark-pigment-
ed tissue within the B. ephippium species group, we add
that there is no pigmentation in B. ephippium, while the
black connective tissue covers all sides of dorsal muscles
in B. darkside, and a few scattered areas with pigmenta-
tion are observed in the dorsolateral region adjacent to the
dorsal musculature in B. garbeanus and B. margaritatus
(Guimaraes et al. 2017; Folly et al. 2021b). Within the B.
vertebralis species group (sensu Folly et al. 2022), there
is black connective tissue covering all sides of dorsal
muscles in Brachycephalus herculeus sp. nov. (present
study), little dark pigmentation internally around the line
of the spinal vertebrae in B. vertebralis, and no pigmen-
tation in B. pitanga (Guimaraes et al. 2017). An absence
of pigmentation was also observed for species of the B.
pernix species group (B. izecksohni and B. pernix; Gui-
maraes et al. 2017). Currently, there are still open issues
regarding the intraspecific variation of dark pigmentation
within each of those species, as well as information about
other species in the genus Brachycephalus.

The geographic records for Brachycephalus hercu-
leus sp. nov. are currently restricted to montane forests
in the Parque Nacional do Desengano, located in the
northern portion of the Brazilian state of Rio de Janei-
ro. Regarding anurofauna, this is a poorly studied region
(e.g., Almeida-Gomes et al. 2010; Siqueira et al. 2011).
Indeed, most studies focusing on the anurofauna of the
Atlantic Rainforest of Rio de Janeiro have been conduct-
ed in the central and southern portions of the state (e.g.,
Carvalho-e-Silva et al. 2008, 2020; Bittencourt-Silva and
Silva 2013; Dorigo et al. 2021). Due to such a lack of
knowledge about the region and to the presence of poorly
known preserved areas, the forests of the northern portion
of Rio de Janeiro state could be promising areas for the
encounter of new anuran species, as suggested by the re-
cent discoveries of Ischnocnema nanahallux (Brusquetti
et al. 2013), Megaelosia sp. (aff. goeldii) (De Sa et al.
2022), and B. herculeus sp. nov. (present study), all living
within the limits of the protected area of Parque Estadual
do Desengano.
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