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Abstract. The genus of Neotropical frogs Pithecopus includes 11 species occurring east of the Andes 
from southern Venezuela to northern Argentina. Recent genetic approaches pointed out an unusual 
genetic diversity among populations from localities in north-eastern Brazil recognized as P. nordestinus. 
In fact, one of these studies confi rmed the hypothesis that the São Francisco River acted as an eff ective 
geographical barrier during vicariant events in the evolutionary history of P. nordestinus, resulting in 
two principal, highly divergent clades. Herein we formally describe this divergent clade as a new cryptic 
species of Pithecopus from north-eastern Brazil, the sister clade of P. nordestinus. It diff ers from other 
species of Pithecopus, except for P. azureus and P. nordestinus, by its small body size, lack of the 
reticulate pattern on fl anks, smaller head width, and advertisement calls generally composed of a three-
pulsed core. 
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Introduction
The genus Pithecopus Cope, 1866 comprises 11 tropical South American species occurring east of the 
Andes from southern Venezuela to northern Argentina (Faivovich et al. 2010; Duellman et al. 2016; 
Frost 2020). Phylogenetic inferences for species of Pithecopus recovered two well-supported clades 
with strong biogeographical cohesiveness (Faivovich et al. 2010; Duellman et al. 2016). One of them 
is the highland clade composed of P. ayeaye Lutz, 1966, P. megacephalus (Miranda-Ribeiro, 1926), 
P. centralis (Bokermann, 1965), P. oreades (Brandão, 2002) and P. rusticus (Bruschi, Lucas, Garcia & 
Recco-Pimentel, 2015). The other one is the lowland clade that comprises the species Pithecopus 
palliatus (Peters, 1873), P. azureus (Cope, 1862), P. hypochondrialis (Daudin, 1800), P. araguaius Haga, 
Andrade, Bruschi, Recco-Pimentel & Giaretta, 2017 and P. nordestinus (Caramaschi, 2006) (Faivovich 
et al. 2010). The species of the lowland clade have large overlaps in their acoustic and morphological 
traits, hence complex species delimitations (mainly among P. azureus, P. nordestinus, P. hypochondrialis 
and P. araguaius) (Haga et al. 2017a, 2017b).

Pithecopus nordestinus is a charismatic treefrog widely distributed in the Atlantic Forest and adjacent 
areas of Caatinga scrublands in north-eastern Brazil, with records of occurrence in the states of Maranhão, 
Piauí, Ceará, Rio Grande do Norte, Paraíba, Pernambuco, Alagoas, Sergipe, Bahia and Minas Gerais 
(Frost 2020). Faivovich et al. (2010) rep orted unusual genetic diversity among populations recognized 
as P. nordestinus collected in three distinct localities in north-eastern Brazil. Estimations of genetic 
distances among mitochondrial cytochrome b sequences reported conspicuous variation range among 
the three collection sites (10.4–16.7%) (Faivovich et al. 2010). Extensive sampling and phylogenetic 
inferences based on multilocus DNA sequences detected deep and ancient phylogeographic breaks 
between populations currently assigned to P. nordestinus from opposite margins of the São Francisco 
River (SFR), potentially due to historical shifts in the course of this geographical barrier, deciphering 
the source of this genetic divergence (Bruschi et al. 2019).

Confronted by recent molecular evidence indicating the existence of two lineages within this taxon 
(Bruschi et al. 2019), the question was to ascertain if these two monophyletic lineages of P. nordestinus 
represented two distinct species? This question was hitherto unanswered, due to the lack of an 
integrative approach that would evaluate evidence from diff erent sources, including morphological and 
acoustic traits. Herein, we provide a solution to this taxonomic problem, which could be fundamental 
to better comprehension and management of regional biodiversity (Fišer et al. 2018). We investigated 
genotypic and phenotypic (morphological and acoustics) evidence to assess the taxonomical status of 
the populations assigned to P. nordestinus. Our results indicate the existence of a new phenotypically 
cryptic species of Pithecopus from north-eastern Brazil, which we describe in the present study.

Material and methods
Specimens collected
Specimens were collected under authorisation number #17242-3 issued by SISBIO / Instituto Chico 
Mendes de Conservação da Biodiversidade. We killed the specimens using anaesthetic (5% Lidocaine) 
application on the skin, according to recommendations of the Herpetological Animal Care and Use 
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Committee (HACC) of the American Society of Ichthyologists and Herpetologists (available at 
https://asih.org/sites/default/fi les/2018-05/guidelines_herps_research_2004.pdf), and approved by 
SISBIO / Institute Chico Mendes de Conservação da Biodiversidade. Type specimens were deposited 
in the amphibian collection of Museu de Zoologia “prof. Dr. Adão José Cardoso” (ZUEC) of the 
Universidade Estadual de Campinas (UNICAMP), Campinas, São Paulo, Brazil.

Taxa and specimens examined
Twenty-eight individuals (24 adult males and four adult females) of the new species were collected in 
the municipality of Limoeiro (7°52′29.0″ S, 35°27′01.1″ W; 150 m a.s.l.; datum = WGS84), state of 
Pernambuco (PE), Brazil. We also collected and examined 150 additional specimens of the new species 
(135 adult males and 15 adult females) from 16 other localities in four Brazilian states (Fig. 1). We 
examined and measured the following types: holotype (MNRJ 13607) and paratypes (MNRJ 13602–
6, 13608–11, 13598–600, 35223 to 35228, 60097) of P. nordestinus, and holotype (AAG-UFU 3444) 
and paratypes (AAG-UFU 3442–3, 3445–9, 4877–82, ZUEC 21657–60) of P. araguaius. Types and 
additional specimens of all analysed species are deposited in:

AAG-UFU = Collection of frogs of the Museu de Biodiversidade do Cerrado, Universidade Federal 
de Uberlândia (UFU), Uberlândia, Minas Gerais, Brazil 

CFBH = Célio F.B. Haddad amphibian collection, Universidade Estadual Paulista (Unesp), Rio 
Claro, State of São Paulo, Brazil

MNRJ = Museu Nacional, Universidade Federal do Rio de Janeiro (UFRJ), Rio de Janeiro, State 
of Rio de Janeiro, Brazil

ZUEC = Museu de Zoologia “prof. Dr. Adão José Cardoso” of the Universidade Estadual de 
Campinas (UNICAMP), Campinas, São Paulo, Brazil

Additionally, we examined specimens of P. palliatus, P. rohdei (Mertens, 1926), P. ayeaye, 
P. megacephalus, P. centralis, P. oreades and P. rusticus. The complete list of specimens examined is 
available in the Appendix.

Morphometry
Adult individuals were measured using a Mitutoyo Absolute digital calliper CD-6” CSX to the nearest 
0.1 mm. Twelve morphometric traits were measured following Watters et al. (2016): snout-vent length 
(SVL), hand length (HAL), forearm length (FAL), upper arm length (UAL), thigh length (THL), foot 
length (FL), head length (HL), head width (HW), eye diameter (ED), internarial distance (IND), tibia 
length (TL) (= shank length), tarsus length (TAL), tympanum diameter (TD) and eye-nostril distance 
(END). The axilla-groin length (AGL) was measured according to Clemente-Carvalho et al. (2012). The 
shape of the snout in dorsal and lateral view follows Duellman (1970).

For comparisons with the most closely related species (the lowland species of Pithecopus), we used 
the same dataset recently used to describe P. araguaius (Haga et al. 2017a): 21 types (holotype + 20 
paratopotypes) and 31 non-type specimens of P. nordestinus from Alagoinhas (Bahia), Areia Branca 
(Sergipe) and Laranjeiras (Sergipe); 18 types (holotype + 17 paratopotypes) and 18 non-type specimens 
of P. araguaius from Chapada dos Guimarães (Mato Grosso) and Santa Terezinha (Mato Grosso); 13 
topotypes from Asunción, Paraguay, one non-type specimen from Corrientes, Argentina, and 11 non-
type specimens from Bela Vista (Mato Grosso do Sul) (the nearest acoustic sample from its type-locality) 
of P. azureus. Further details on examined specimens are in the Appendix.

Bioacoustics
Seventy-three advertisement calls of six males of the new species were recorded between 19:11 and 
22:07 on four fi eld trips in May 2011 (days 7, 17, 22 and 24; temperature of air 28–29°C and water 
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25–26°C). Recordings were obtained with a Marantz PMD 222 cassette recorder, coupled to an Audio-
Technica AT835b directional microphone. Recordings were digitised at 48 kHz and 24 bit resolution.

For acoustic comparisons, we also used the dataset of Haga et al. (2017a), supplemented with three 
recordings of P. nordestinus (FNJV 31155, FNJV 45456, FNJV 45468) that were deposited in the 
Fonoteca Neotropical Jacques Vielliard (FNJV). Therefore, the complete comparative dataset includes 
advertisement calls from four males of P. azureus (Haga et al. 2017b); 105 calls from six males of 
P. nordestinus (from the municipalities of Areia Branca, Itabaiana and Maruim, Sergipe; Gandu and 
Igrapiúna, Bahia); 24 calls from seven males of the type-series of P. araguaius; 212 calls of 41 males of 

Fig. 1. Map showing molecular, morphological and acoustic samples used in the comparisons between 
Pithecopus gonzagai sp. nov. (red dots and star) and P. nordestinus (Caramaschi, 2006) (blue dots and 
star) in north-eastern Brazil. We indicate the original São Francisco River path (blue) and the new 
path after the installation of the North and East Axes (in red) as a result of the Transposition Project. 
Municipalities: 1 = Ubajara (CE); 2 = São Paulo do Potengi (RN); 3 = Macaíba (RN); 4 = Tibau do 
Sul (RN); 5 = Araruna (PB); 6 = Mamanguape (PB); 7 = João Pessoa (PB); 8 = Campina Grande (PB); 
9 = Cabaceiras (PB); 10 = Poção (PE); 11 = Sanharó (PE); 12 = Caruaru (PE); 13 = Recife (PE); 14 = 
Bonito (PE); 15 = Bom Conselho (PE); 16 = Passos do Camaragibe (AL); 17 = São Miguel dos Milagres 
(AL); 18 = Rio Largo (AL); 19 = Satuba (AL); 20 = Pilar (AL); 21 = São Miguel dos Campos (AL); 
22 = Coruripe (AL); 23 = Maruim (SE); 24 = Laranjeiras (SE); 25 = Areia Branca (SE); 26 = Itabaiana 
(SE); 27 = Alagoinhas (BA); 28 = Mata de São João (BA); 29 = Igrapiúna (BA); 30 = Gandu (BA); 31 = 
Jequié (BA); 32 = Aurelino Leal (BA); 33 = Caetité (BA); red star = type locality of P. gonzagai sp. nov.: 
Limoeiro (PE); blue star = type locality of P. nordestinus: Maracás (BA). Brazilian states: AL = Alagoas; 
BA = Bahia; CE = Ceará; PB = Paraíba; PE = Pernambuco; RN = Rio Grande do Norte; SE = Sergipe.
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P. hypochondrialis (from the municipalities of Serra do Navio, Amapá; Barra do Garças, Mato Grosso; 
Brasília, Distrito Federal; Araguari and Uberlândia, Minas Gerais; Padre Bernardo, Pirenópolis and 
Uruaçu, Goiás). Call vouchers are listed in Supplementary fi le 1. We reanalysed two males and 34 calls 
of P. nordestinus (FNJV 45456, FNJV 45468) that were used in Vilaça et al. (2011). As diff erent authors 
may analyze calls diff erently and in order to ensure the reliability of our results, we have based the 
acoustic comparisons only on our own data.  

Sound fi les are deposited in the Arquivo Sonoro da Coleção de Anuros,UFU, and FNJV, UNICAMP. Call 
descriptions and the acoustic terminology follow Köhler et al. (2017) and Haga et al. (2017a: appendix 
B – S1 table: Acoustic terminology employed for the species of Pithecopus). According to Haga et al. 
(2017a), the calls of some species of Pithecopus often have a few low-amplitude isolated pulses at 
the end (more common) or at the beginning (unusual). We used the main (high-amplitude) group of 
pulses of each call (hereafter called ʻcore portionʼ) of the new species, P. araguaius, P. hypochondrialis, 
P. azureus and P. nordestinus to compare call traits equivalently among these species. Analysed sound 
fi les are listed in Supplementary fi le 1.

We calculated means and standard deviations (SD) for each individual and then the overall mean and 
SD was calculated based on those values, whereas the range encompassed the minimum and maximum 
values for the whole sample. We analysed calls using Raven Pro 1.5, 64 bit version (Bioacoustics 
Research Program 2014) with the following settings: window type = Hann, window size = 256 samples, 
3 dB fi lter bandwidth = 270 Hz, brightness = 50%, contrast = 50%, overlap = 85% (locked), colour 
map = “Cool”, DFT size = 1024 samples (locked), grid spacing (spectral resolution) = 46.9 Hz. We 
analysed temporal traits in oscillograms and spectral traits in spectrograms (Köhler et al. 2017); we used 
the ‘Peak Frequency’ function to determine the peak of the dominant frequency. We generated sound 
fi gures through Seewave ver. 1.6 package (Sueur et al. 2008) and tuneR package (Ligges et al. 2018), 
R environment (ver. 3.3.1) (R Core Team 2017). The Seewave settings for the spectrograms were: 
Hanning window, 85% overlap, and 256 points resolution (FFT). 

Phylogenetic tree and species-delimitation tests

The phylogenetic analyses were based on the Bayesian inference (BI) method. The dataset was composed 
of 149 terminals with 1045 characters from mitochondrial 16S ribosomal sequences, 892 characters from 
NADH dehydrogenase subunit 2 (ND2) sequences and 422 characters from Seven in Absentia Homolog 
1 (Siah) sequences. We included the individuals assigned to P. nordestinus from the north and the south 
clades according to the dataset and topology of Bruschi et al. (2019) (see Supplementary fi le 2). To best 
evaluate the phylogenetic relationship status of the new species in comparison with sister species / taxa 
from the genus, we included sequences of at least three individuals (when available) of each of the 
species of Pithecopus deposited in GenBank (https://www.ncbi.nlm.nih.gov/genbank – see list of 
specimens in Supplementary fi le 2). Callimedusa tomopterna (Cope, 1868) was used as an outgroup 
because, according to Duellman et al. (2016), it represents a sister group of the clade which comprises 
the Pithecopus genus.

Bayesian inference was based on a Markov Monte Carlo (MCMC) analysis conducted on MrBayes 3:2.7 
(Huelsenbeck & Ronquist 2001) with two independent runs, each run with four chains and sampling 
every 1000 generations for 20 million generations. MEGA X 10.1.8 (Kumar et al. 2018) selected the 
best evolutionary model through Akaike Information Criteria (AIC) (16S: GTR + G; ND2: HKY + I + G; 
Siah: K2P). The fi rst 25% of the trees were excluded as burn-in. To confi rm the quality of the parameters 
of the BI, Tracer software ver. 1.7.1 (Rambaut et al. 2018) was used, and only Eff ective Sample Sizes 
(ESS) values over 200 were considered acceptable.
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We performed the Generalized Mixed Yule-Coalescent (GMYC) (Pons et al. 2006; Fontaneto et al. 
2007) and the Poisson Tree Process (bPTP) (Zhang et al. 2013) methods to test species boundaries. The 
GMYC analysis requires an ultrametric tree that was estimated using a lognormal uncorrelated relaxed 
molecular clock model and coalescent constant size process, performed using BEAST ver. 1.10.4 
(Drummond et al. 2012), with 20 million generations and sampling every 10 000 generations. The trees 
were estimated based on the HKY substitution model. We used the software Tracer ver. 1.7.1 (Rambaut 
et al. 2018) to check log fi les and all model parameters reached an ESS > 200. After removing 10% of the 
trees as part of the burn-in procedure, the remaining trees were summarized in a single tree with the Tree 
Annotator ver. 1.10.4 (Drummond et al. 2012). The GMYC analysis was carried out in R 3.6.1 software 
environment and performed with the packages Species Limits by Threshold Statistics (ʻsplitsʼ) (Ezard 
et al. 2014) and Analyses of Phylogenetics and Evolution in R Language (ʻapeʼ) (Paradis et al. 2018) 
using a single threshold and standard parameters [interval = c(0, 10)].

The bPTP does not require an ultrametric tree and uses the number of substitutions to model the speciation 
and coalescent events. For the analysis, the best maximum-likelihood (ML) tree reconstructed with 
RAxML (Kozlov et al. 2019) using an HKY model of nucleotide substitution selected with MEGA X 
10.1.8 was used as input. The bPTP was performed on the web server (http://species.h-its.org/) for 5 × 
105 generations, with a thinning value of 1000 and a burn-in of 10%.

Statistical analysis

Considering the morphological and acoustic (multivariate) datasets separately, we sought for 
discrimination between species by applying two functions in R environment: (1) randomForest (RF) 
(radomForest ver. 4.6-12 package) (Liaw & Wiener 2002) and (2) Discriminant Analysis on Principal 
Components (DAPC) (adegenet ver. 2.0.1 package; Jombart 2008; Jombart & Ahmed 2011). The same 
methods were applied in the description of P. araguaius (Haga et al. 2017a). RandomForest algorithm 
(machine learning) constructs many (e.g., 1000) classifi cation trees using bootstrap samples of the 
data (each split using the best predictors among those randomly chosen at each node) then generating 
classifi ers and aggregating results by voting to classes (Liaw & Wiener 2002). The classic Discriminant 
Analysis (DA) depends on multivariate normality (Pohar et al. 2004) and on a larger number of objects 
than variables. The multivariate normality of the original data was evaluated through the function 
mardiaTest (MVN package; Korkmaz et al. 2014). The DAPC performs analyses on the Principal 
Component scores (Jombart 2008; Jombart & Ahmed 2011). The application of a DA on a few axes 
(preserving about 95% of the variance) of a Principal Component Analysis, as performed by DAPC, 
reduces the sample-variable imbalance problems between objects and traits (Jombart et al. 2010).

For the multivariate analysis and statistical tests, we used all the morphometric features detailed above. 
For the acoustic analyses, we used: call duration (entire call), number of pulses, pulse duration, inter-pulse 
interval within core, core duration (main stronger group of pulses), pulses per core, pulses per second, 
isolated pulse and peak of dominant frequency. Because both multivariate analyses, to both datasets, 
were concordant in species discrimination (see Results), we present the results of RF classifi cation only 
in tables and the results of DAPC only in scatter plots.

The acoustic and morphometric traits were tested for statistical signifi cance of the diff erences among 
species through the Exact Wilcoxon-Mann-Whitney Rank Sum Test, function wilcox_test of the 
package Coin (resampling statistics model; Hothorn et al. 2008) in R environment. As these tests were 
done between species / populations pairs, the signifi cance levels (ʻPʼ) were adjusted considering the 
number of pairings through the P correction method of Holm (p.adjust function of the base package in 
R environment; see Chen et al. 2017). We considered signifi cance when P ≤ 0.01.
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Results
Class Amphibia Linnaeus, 1758

Order Anura Fischer von Waldheim, 1813
Family Phyllomedusidae Günther, 1858

Genus Pithecopus Cope, 1866

Pithecopus gonzagai sp. nov.
urn:lsid:zoobank.org:act:573D7AF0-0CB0-4D96-989E-EA3286190CB8

Figs 2–3; Tables 1–2

Phyllomedusa nordestina (only specimens from locations north of the SFR in the following studies) – 
Caramaschi 2006: 176–177, fi g. 6. — Faivovich et al. 2010: 261, fi g. 4, table 2. — Loebmann & 
Haddad 2010: 256, fi g. 3, table 2. — Silva et al. 2010: 340, fi g. 2, tables 1–2. — Toledo & Batista 
2012: table S1. — Brand et al. 2013: 7065. — Neiva et al. 2013: 140. — Pinto et al. 2013: 656. — 
Toledo et al. 2015: 88, fi g. 2. — Valencia-Aguilar et al. 2015: table 1. — Röhr et al. 2020: 653, fi g. 2.

Pithecopus nordestinus – Duellman et al. 2016: 91 (GenBank: GQ366016, GQ366091, GQ366143, 
GQ366330). — Dubeux et al. 2019: table 1; 2020: 15, fi gs 2, 10. — Silva et al. 2020: 165–172, 
fi g. 1, tables 1, S1.

Diagnosis
Pithecopus gonzagai sp. nov. is assigned to the genus Pithecopus (former Phyllomedusa hypochondrialis 
species group; Caramaschi 2006) by the following set of characters: (1) small body size; (2) dorsolateral 
macroglands (sensu Antoniazzi et al. 2013) indistinct; (3) smooth skin on back and granulose on belly; 
(4) fi ngers and toes long and slender with terminal discs poorly developed; and (5) grasping (opposable 
to the others) fi nger I and toe I. Pithecopus gonzagai sp. nov. diff ers from the highland species of 
Pithecopus by the (6) lack of the reticulate pattern on fl anks, and (7) head width smaller than 11.2 mm.

Etymology
The specifi c name honours Luiz Gonzaga do Nascimento, better known as Luiz Gonzaga. He was a 
Brazilian singer, songwriter, musician, poet and one of the most infl uential fi gures of Brazilian popular 
music in the twentieth century. Luiz Gonzaga has been credited for presenting the rich universe of north-
eastern musical genres to the rest of the country. He was born and raised in the municipality of Exu, state 
of Pernambuco, Brazil. Pithecopus gonzagai sp. nov. also occurs in the state of Pernambuco, which is 
equally its type locality.

Type material
Holotype

BRAZIL • ♂ (Fig. 2); north-eastern Brazil, state of Pernambuco, municipality of Limoeiro; 7°52′29.0″ S, 
35°27′01.1″ W; 150 m a.s.l.; 16 May 2011; D.P. Bruschi, M.A. Passos and Jonatha Lima leg.; ZUEC 
19685.

Paratopotypes
BRAZIL • 23 ♂♂; same collection data as for holotype; ZUEC 19664 to 19668, 19670 to 19684, 19686 
to 19688 • 4  ♀♀; same collection data as for holotype; ZUEC 19661 to 19663, 19669.

Other material examined
BRAZIL – Pernambuco • Limoeiro; ZUEC 19661 to 19688 • Bom Conselho; ZUEC 19617, 19619, 
19622 to 19625, 19628 to 19633 • Caruaru; ZUEC 19610 to 19616 • Poção; ZUEC 19638, 19640 to 
19644, 19646, 19649 to 19650, 19654 • Recife; ZUEC 19655 to 19660. – Alagoas • Pilar; ZUEC 19573, 
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19575, 19581 to 19582, 19584, 19587, 19590 to 19591, 19593 to 19594 • Rio Largo; ZUEC 19773, 
19775, 19777, 19779, 19781 to 19783, 19785 to 19787 • São Miguel dos Campos; ZUEC 19565 to 
19571 • São Miguel dos Milagres; 19595 to 19597, 19599 to 195604, 19606 to 19608 • Satuba; ZUEC 
18627 to 18633, 18636 to 18638. – Paraíba • Araruna; ZUEC 19788, 19791, 19793, 19841 to 19842, 
19848, 19854 • Cabaceiras; ZUEC 19689 to 19692, 19697 to 19699, 19702, 19704 to 19708, 19710 to 
19711 • Campina Grande; ZUEC 19713 to 19722, 19724, 19729, 19732, 19733, 19734 • João Pessoa; 
19726 to 19728, 19735 to 19740, 19743 • Mamanguape; ZUEC 19747, 19748, 19751, 19753, 19754 to 
19756. – Rio Grande do Norte • Macaíba; ZUEC 19817, 19818, 19825, 19828, 19829, 19863 • São 
Paulo do Potegi; ZUEC 19805, 19811, 19834, 19846, 19851, 19853.

D escription
Holotype

General aspect slender (Fig. 2A–B); snout truncate in dorsal and lateral views (Fig. 2C–D). Head wider 
than long; loreal region slightly concave; canthus rostralis rounded, smooth; nostrils small, subcanthal, 
placed latero-frontally, closer to snout tip than to eyes; internarial distance longer than eye-nostril 
distance and tympanum diameter, but smaller than eye diameter; eyes latero-frontally positioned; 
tympanum nearly circular, with annuli undefi ned at superior border; tympanum diameter less than half 
of eye diameter; supratympanic dermal fold present, beginning on right side of tympanum and ending 
near insertion of arm; dorsolateral macrogland indistinct; no external vocal sac; tongue nearly ovoid, 
free posteriorly, longer than wide, without pigmentation on base; vomerine teeth absent; choanae small, 
located laterally, slightly rounded. Upper arm thin and forearm robust; no fi nger webbing; comparative 
fi nger length when adpressed I < II < IV < III (Fig. 2E); fi nger discs poorly developed; fi nger I enlarged 
at base; nuptial asperity covering most of dorsal surface of fi nger I, except tip; palmar tubercles poorly 
developed, subarticular tubercles developed, barely distinguishable from adjacent supernumerary 
tubercles (Fig. 2E); inner and outer metacarpal tubercles poorly developed; comparative toe length when 
adpressed II < III < I < V < IV (Fig. 2F); toe webbing absent; plantar callosities poorly developed, inner 
and outer metatarsal tubercles poorly developed; subarticular tubercle developed, single and rounded; 
supernumerary tubercles rounded and poorly developed (Fig. 2F); legs slender; dorsal skin smooth; 
ventral skin granulated on belly, throat and thigh, smooth on tibia, tarsus and foot. Chest and right thigh 
slightly damaged ventrally due to tissue sampling. Cloacal region moderately granulated.

Measurements of holotype (mm)
SVL = 32.7, HL = 6.9 (21.1 % of SVL), HW = 9.8 (30.0 % of SVL), AGL = 15.6 (47.7 % of SVL), ED = 
3.7 (11.3 % of SVL), TD = 1.2 (3.7 % of SVL), END = 2.2 (6.7 % of SVL), IND = 3.2 (9.8 % of SVL), 
UAL = 5.6 (17.1 % of SVL), FAL = 7.1 (21.7% of SVL), HAL = 8.1 (24.8 % of SVL), TGL = 12.7 (38.8 
% of SVL), TL = 12.8 (39.1 % of SVL), TAL = 8.3 (25.4% of SVL) and FL = 10.9 (33.3 % of SVL).

Colouration in life
Dorsum of head and body green. Vertebral line on back present in some individuals (Fig. 3C), but absent 
in all individuals of the type series. Loreal region and eyelids green. Eyes outlined with thin white line. 
Edge of jaw bordered by black line. Green dorsal region delimited by white dorsolateral line extending 
from mouth end until around middle of axilla-groin length. Same white line also observed in distal 
parts of forelimbs, extending from elbow to end of fi nger IV. Black dorsolateral line (below white line) 
delimits ventral region; same line also found on forearms, tibia and foot portion. Anterior and posterior 
surfaces of upper arm, thigh and tibia, extending partially onto foot, orange with well-defi ned vertical 
black stripes. Forearm anterior surface extending to hand coloured orange with well-defi ned vertical 
black stripes. Orange inguinal region with well-defi ned vertical black stripes. Green dorsal surface 
extending onto all limbs: arm, forearm, thigh, knee and tibia; green dorsolateral surface of tarsus and 
foot (Fig. 3A–C).
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Fig. 2. Pithecopus gonzagai sp. nov., adult ♂, holotype (ZUEC 19685; SVL = 32.7 mm). A. Dorsal 
view. B. Ventral view. C. Head, lateral view. D. Head, dorsal view. E. Hand, ventral view. F. Foot, 
ventral view.
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Variation in the type series
The specimens ZUEC 19661, 19663, 19667, 19669–70 and 19677–82 have slightly darkened blotches 
on back. The specimens ZUEC 19661–3, 19667 and 19669 have slightly darkened dots on back. The 
specimens ZUEC 19661–3, 19669–70, 19678–80 and 19688 have a well-defi ned dark stripe on edge 
of jaw (angular region). The specimens ZUEC 19664, 19668–9, 19673, 19675, 19680 and 19684 have 
slightly darkened terminal discs. Females larger than males, with robust body and lacking nuptial pads.

Diff erential diagnosis
Pithecopus gonzagai sp. nov. is promptly distinguished from P. centralis, P. megacephalus, P. ayeaye, 
P. oreades and P. rusticus by the absence of the reticulate pattern of colouration on fl anks (Bokermann 
1965; Lutz 1966; Brandão 2002; Caramaschi 2006; Bruschi et al. 2014). Pithecopus gonzagai sp. nov. is 
distinguished from P. centralis and P. megacephalus by its smaller head width (8.9–11.2 mm in P. gonzagai 
sp. nov. vs 12.2–14.5 mm, combined values for other species). Also, P. gonzagai sp. nov. diff ers from 
P. ayeaye, P. megacephalus, P. oreades and P. rusticus (9.9–12.7 mm, combined values) by its smaller 
head length (6.2–8.9 mm). The new species is distinguished from P. centralis and P. megacephalus
(3.0–3.5 mm, combined values) by its smaller eye-nostril distance (1.8–2.8 mm) (Bokermann 1965; 

Fig. 3. Pithecopus gonzagai sp. nov. from Brazilian north-eastern, in life. A. From the municipality of 
Pilar, state of Alagoas (AL). B. From the municipality of Recife, state of Pernambuco (PE). C. From the 
municipality of São Miguel dos Milagres, AL. D. Arboreal eggs from the municipality of Poção, PE. 
Photographs by M. Aguiar.
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Table 1. Morphometry of adult specimens of Pithecopus gonzagai sp. nov. (type series, 24 males 
including the holotype, and 150 individuals from 16 localities across four northeastern Brazilian states), 
and P. nordestinus (Caramaschi, 2006) (52 males including the holotype and 20 paratopotypes). Values 
presented in millimeters as mean ± standard deviation (range); n = number of specimens measured.

P. gonzagai sp. nov. P. nordestinus

Traits
Type series Additional specimens

Males
n = 24

Females
n = 4

Males
n = 135

Females
n = 15

Males
n = 52

Snout-vent length 33.1 ± 1.4 
(29.5–35.3)

38.0 ± 0.8 
(36.3–38.1)

33.3 ± 2.0 
(28.5–37.8)

37.9 ± 1.6 
(35.3–40.7)

36.3 ± 1.9 
(32.9–42.5)

Head length 7.6 ± 0.7 
(6.2–8.9)

9.1 ± 0.5 
(7.8–9.1)

7.3 ± 0.5 
(6.3–8.6)

7.9 ± 0.4 
(7.3–8.6)

7.5 ± 0.7 
(6.3–9.7)

Head width 9.9 ± 0.3 
(9.1–10.4)

11.9 ± 0.4 
(10.9–11.9)

10.2 ± 0.5 
(8.9–11.2)

11.4 ± 0.5 
(10.8–12.4)

11.1 ± 0.6 
(9.9–12.7)

Axilla-groin length 16.3 ± 1.7 
(12.6–18.8)

19.1 ± 1.3 
(16.4–19.4)

15.9 ± 1.8 
(11.8–19.5)

18.5 ± 1.9 
(15.4–22.8)

17.3 ± 1.5 
(14.5–20.8)

Eye diameter 4.1 ± 0.3 
(3.6–4.6)

4.8 ± 0.4 
(3.9–4.8)

4.0 ± 0.3 
(3.0–4.9)

4.4 ± 0.3 
(3.9–5.0)

4.2 ± 0.4 
(3.3–4.9)

Tympanum diameter 1.5 ± 0.2 
(1.2–1.8)

2.2 ± 0.3 
(1.6–2.2)

1.7 ± 0.3 
(1.1–2.3)

1.9 ± 0.2 
(1.5–2.3)

1.8 ± 0.3 
(1.2–2.3)

Eye-nostril distance 2.1 ± 0.2 
(1.8–2.6)

2.6 ± 0.2 
(2.0–2.5)

2.3 ± 0.2 
(1.8–2.8)

2.6 ± 0.2 
(2.3–3.0)

2.5 ± 0.2 
(2.0–3.1)

Internarial distance 3.1 ± 0.3 
(2.6–3.5)

3.7 ± 0.3 
(3.1–3.7)

3.0 ± 0.3 
(2.3–3.7)

3.4 ± 0.3 
(2.9–3.8)

3.4 ± 0.3 
(2.9–4.0)

Upper arm length 6.2 ± 0.4 
(5.4–6.9)

7.8 ± 0.4 
(7.0–7.9)

6.7 ± 0.6 
(5.3–8.2)

8.0 ± 0.7 
(6.6–9.0)

7.3 ± 0.5 
(6.5–8.5)

Forearm length 7.2 ± 0.5 
(6.3–8.0)

9.8 ± 0.6 
(8.3–9.6)

7.5 ± 0.5 
(6.3–8.8)

9.3 ± 0.6 
(8.4–10.2)

8.2 ± 0.6 
(6.9–9.3)

Hand length 8.5 ± 0.6 
(7.7–9.9)

11.0 ± 0.9 
(8.8–11.0)

8.5 ± 0.6 
(7.0–9.7)

9.8 ± 0.6 
(8.5–10.4)

9.4 ± 0.7 
(8.0–11.2)

Thigh length 13.5 ± 0.7 
(12.1–14.6)

17.0 ± 0.6 
(15.8–17.2)

14.1 ± 0.8 
(12.0–15.9)

16.2 ± 0.9 
(14.6–18.0)

15.1 ± 0.8 
(13.6–16.6)

Tibia length 13.5 ± 0.7 
(11.9–14.8)

16.5 ± 0.6 
(15.2–16.6)

14.0 ± 0.7 
(12.4–16.0)

16.0 ± 0.8 
(14.4–17.3)

14.8 ± 0.7 
(13.4–16.2)

Tarsus length 9.0 ± 0.5 
(8.1–9.9)

11.0 ± 0.4 
(10.2–11.1)

9.3 ± 0.5 
(7.9–10.5)

10.4 ± 0.6 
(9.5–11.4)

9.8 ± 0.6 
(8.8–11.1)

Foot length 11.0 ± 0.7 
(9.6–12.6)

13.4 ± 0.7 
(11.8–13.2)

11.1 ± 0.7 
(9.5–12.9)

12.8 ± 0.8 
(11.6–14.1)

11.7 ± 0.6 
(10.4–13.1)
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Lutz 1966; Brandão 2002; Caramaschi 2006; Bruschi et al. 2014). Pithecopus gonzagai sp. nov. is also 
distinguished from P. centralis (40.0–42.0 mm) by its smaller SVL (28.5–37.8 mm) (Bokermann 1965). 
The new species is distinguished from P. rusticus by the absence of the slightly reticulated pattern on the 
palpebral membrane and the throat region (pattern unique to P. rusticus; Bruschi et al. 2014).

From its closer relatives (the lowland species), Pithecopus gonzagai sp. nov. is distinguished by being 
smaller than P. nordestinus, P. azureus and P. hypochondrialis in SVL, head width and length of axilla-
groin, internarial distance, and upper arm, hand, thigh, tibia and foot lengths ( Exact Wilcoxon-Mann-
Whitney Test: P < 0.01; see Table 3). In addition, based on P values obtained from the Exact Wilcoxon-
Mann-Whitney Test (Table 3), P. gonzagai sp. nov. is smaller than P. nordestinus in eye-nostril distance 
(1.8–2.8 mm in the new species vs 2.0–3.1 mm in P. nordestinus), forearm length (6.3–8.8 mm in the 
new species vs 6.9–9.3 mm in P. nordestinus) and tarsus length (7.9–10.5 mm in the new species vs 
8.8–11.1 mm in P. nordestinus). The new species is larger than P. araguaius in SVL, head length, head 
width, axilla-groin and eye-nostril lengths, and upper arm, hand, thigh and foot lengths (see Table 3). 
The randomForest model on morphometric traits classifi ed 90% of the males of the new species correctly 
(Table 4). It was the species with the highest percentage of males classifi ed correctly in comparison with 
the other four taxa.  DAPC based on morphological traits yielded no noticeable discrimination among 
the new species and P. azureus, P. nordestinus and P. araguaius (Fig. 4A). However, it is possible to 
notice slight discrimination between the new species and P. hypochondrialis (Fig. 4A), with a greater 
separation along axis 1 (LD1 = 58%; axis x), but the axis 2 (LD2 = 25%; axis y) also contributes to 
the separation. Tarsus length (17%), head width (12%), tibia (12%) and foot (11%) lengths mainly 
accounted for species separation along LD1 (Fig. 4A); while tarsus (25%) and hand (16%) lengths, eye-

Call traits P. gonzagai sp. nov.
n = 6 males / 73 calls

P. nordestinus
n = 6 males / 105 calls

Call duration (ms) 28.5 ± 6.7 (17–49) 51.0 ± 8.5 (19–85)
Calls per minute 34.9 ± 17.1 (16.8–54.4) 42.7 ± 21.0 (11–82)
Pulses / call 3.3 ± 0.4 (3–4) 4.0 ± 1.0 (3–6)
Pulse duration (ms) 7.3 ± 1.3 (5–12) 7.5 ± 0.9 (3–16)
Inter-pulse interval within core (ms) 0.9 ± 0.7 (0–4) 0.6 ± 0.4 (0–6)
Core duration (ms) 22.0 ± 4.1 (17–35) 24.2 ± 2.2 (17–33)
Pulses / core 3.0 ± 0.0 (3–3) 3.0 ± 0.0 (3–4)
Duration of isolated pulses (ms) 7.7 ± 2.5 (4–12) 8.3 ± 1.7 (2–17)*
Number of isolated pulses 1.0 (1–1) 1.2 ± 0.1 (1–2)
Interval between core and isolated 
pulse (ms) 14.2 ± 3.8 (8–22) 17.2 ± 4.7 (6–48)**

Pulses per second 141.5 ± 22 (86–177) 127.0 ± 11.7 (91–177)
Min. of dominant frequency (Hz) 1,563 ± 124 (1,188–1,927) 1,508 ± 126 (1,133–1,897)
Max. of dominant frequency (Hz) 2,856 ± 215 (2,446–3,592) 2,539 ± 260 (2,174–3,124)
Peak of dominant frequency (Hz) 2,118 ± 63.2 (1,969–2,391) 2,074 ± 47 (1,969–2,250)
Air temperature (°C) 28.6 ± 0.5 (28–29) 24.6 ± 3.0 (21–27)
Time of recording (hour:minutes) 19:11–22:07 21:04–00:00 

Table 2. Advertisement call traits of two sister species of leaf frogs: Pithecopus gonzagai sp. nov. and 
P. nordestinus (Caramaschi, 2006). Values presented as mean ± SD (range). * = mean of two isolated 
pulses; ** = mean of two inter-pulse intervals.
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nostril distance (11%) and internarial distance (10%) accounted for the separation along LD2 (Fig. 4A). 
Morphometric measurements of all examined specimens and the eigenvectors of the DAPC based on 
morphometric traits are in Supplementary fi les 3 and 4, respectively.

In comparison with the lowland species, the new species diff ers from P. palliatus by having the 
advertisement call with a higher dominant frequency (above 1900 Hz in P. gonzagai sp. nov. vs 1580 Hz 
in P. palliatus) and with a single note (= core portion) (double notes in P. palliatus; Köhler & Lötters 
1999). Based on th e Exact Wilcoxon-Mann-Whitney Test results, the new species can be distinguished 
from P. hypochondrialis and P. araguaius by having a lower number of pulses per advertisement call 
(new species: 3.3 ± 0.4 [3–4], P. araguaius: 6.0 ± 0.6 [5–8; P = 3.50 × 10-3], P. hypochondrialis: 4.2 ± 
0.4 [3–6; P = 7.42 × 10-4]; present study; Haga et al. 2017a) and pulses per core (new species: 3.0 ± 
0.0 [3–3], P. araguaius: 6.0 ± 0.5 [5–8; P = 3.50 × 10-3], P. hypochondrialis: 3.9 ± 0.3 [3–5; P = 2.61 × 
10-6]; present study; Haga et al. 2017a), and shorter core duration (new species: 22.0 ± 4.1 [17–35 ms], 
P. araguaius: 39.3 ± 5.4 [28–48 ms; P = 3.50 × 10-3], P. hypochondrialis: 32.0 ± 4.0 [19–61 ms; P = 
1.77 × 10-4]; present study; Haga et al. 2017a). In addition, the new species can also be diff erentiated 
from P. araguaius by the lower peak of the dominant frequency of its advertisement call (new species: 
2118 ± 63.2 [1969–2391 Hz], P. araguaius: 2540 ± 308 [2240–3316 Hz; P = 4.66 × 10-3]; present study; 
Haga et al. 2017a), and from P. hypochondrialis by its shorter inter-pulse interval within the core (new 
species: 1.8 ± 0.8 [0–4 ms], P. hypochondrialis: 2.0 ± 1.0 [0–7 ms; P = 1.06 × 10-2]; present study; Haga 
et al. 2017a).

We were unable to fi nd qualitative or quantitative diagnostic acoustic characters (absence of overlaps) 
between the new species, P. nordestinus and P. azureus. The randomForest model on acoustic traits 
was unable to distinguish one male of the new species from those of P. hypochondrialis (Table 4); the 

Traits vs P. azureus
(n = 25)

vs P. nordestinus
(n = 52)

vs P. hypochondrialis
(n = 93)

vs P. araguaius
(n = 36)

Snout-vent length 1.09 × 10-8 8.80 × 10-16 8.80 × 10-16 2.44 × 10-5

Head length 3.79 × 10-1 3.79 × 10-1 1.13 × 10-11 1.40 × 10-3

Head width 5.32 × 10-5 8.80 × 10-16 8.80 × 10-16 4.50 × 10-9

Axilla-groin length 7.56 × 10-4 3.65 × 10-5 8.47 × 10-4 7.56 × 10-4

Eye diameter 5.89 × 10-1 2.29 × 10-1 1.25 × 10-15 2.42 × 10-1

Tympanum diameter 9.43 × 10-1 3.58 × 10-2 1.06 × 10-3 8.56 × 10-1

Eye-nostril distance 2.84 × 10-1 3.26 × 10-11 1.57 × 10-8 1.51 × 10-12

Internarial distance 2.14 × 10-7 1.66 × 10-15 8.80 × 10-16 2.59 × 10-1

Upper arm length 1.08 × 10-4 6.26 × 10-13 8.80 × 10-16 2.98 × 10-4

Forearm length 2.20 × 10-2 5.87 × 10-14 8.80 × 10-16 9.33 × 10-1

Hand length 8.29 × 10-5 1.29 × 10-12 8.80 × 10-16 3.21 × 10-6

Thigh length 6.75 × 10-4 5.54 × 10-14 8.80 × 10-16 9.29 × 10-3

Tibia length 2.82 × 10-3 7.06 × 10-11 8.80 × 10-16 2.50 × 10-2

Tarsus length 2.19 × 10-1 1.10 × 10-8 8.80 × 10-16 7.90 × 10-1

Foot length 8.41 × 10-5 3.18 × 10-6 8.80 × 10-16 1.15 × 10-5

Table 3. P-values obtained using Exact Wilcoxon-Mann-Whitney Test based on morphometric 
comparisons between Pithecopus gonzagai sp. nov. (n = 159) and its closer relatives; P < 0.01 in bold. 
n = number of males measured. Further details on all males examined are in the Material and methods 
section and in the Appendix.
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other fi ve males were correctly classifi ed. All six males of P. nordestinus were correctly classifi ed. 
The univariate analyses did not recover diff  erences between calls of the new species, P. azureus and 
P. nordestinus. In addition, there are overlaps in the acoustic traits of these three species. Among the 
lowland species, P. araguaius is the more acoustically distinct species (Fig. 4B). The greater separation 
among lowland species was along axis 1 (LD1 = 91%), while axis 2 contributed much less to the 
separation (LD2 = 7%). Pulses per core (30%), core duration (22%), isolated pulse (21%) and number 
of pulses per call (18%) mainly accounted for species separation along axis 1 (Fig. 4B). Eigenvectors of 
the DAPC based on acoustic traits are in Supplementary fi le 5.

Phylogenetic inferences and species delimitation test
Bayesian inference was congruent with the phylogenetic intrageneric relations recovered by Faivovich 
et al. (2010), Duellman et al. (2016) and Haga et al. (2017a). In our topologies, we recovered two well-
supported divergent clades (North and South) traditionally assigned to P. nordestinus, coincident with 
the phylogeographic breaks reported by Bruschi et al. (2019). The paratopotypes of P. gonzagai sp. nov. 
were recovered nested all with populations from north of SFR while the specimens of P. nordestinus 
were assembled with populations from south of SFR (Fig. 5, Supplementary fi le 6). The P. gonzagai 
sp. nov. + P. nordestinus are sister-group of the P. azureus (Fig. 5, Supplementary fi le 6).

The single-locus species discovery strategies by GMYC and bPTP approaches were performed in a 
dataset composed of 148 sequences consisting of 1049 nucleotides from mitochondrial DNA 16S gene, 
134 sequences consisting of 892 nucleotides from ND2 and 73 sequences consisting of 422 nucleotides 
from Siah. Both the GMYC and bPTP identifi ed within the stringent threshold two taxonomic entities, 
congruent with two main lineages recovered by Bayesian inference (see Fig. 5, Supplementary fi les 6, 
7, 8, 9).

Our results recovered same species clusters as shown by Bruschi et al. (2019) in a multi-locus study. 
GMYC analysis under an estimated ultrametric tree showed the threshold time (16S: -0.0001845922; 
ND2: -0.01166751; Siah: -0.0002401328) indicating the time all nodes refl ect coalescent events; the 
likelihood of the null model was 1631.647 (16S), 1289.623 (ND2) and 644.3782 (Siah) and the maximum 
likelihood of the GMYC model was 1635.787 (16S), 1291.181 (ND2), 651.7409 (Siah). Because the 
diff erentiation among samples of P. nordestinus and P. gonzagai sp. nov. based on mitochondrial markers 
revealed high genetic distances level, the GMYC model suggested 52 entities composed of 32 distinct 
clusters for 16S, three entities composed of three clusters for ND2 and 11 entities composed of ten 
clusters for Siah, however, with the exception of two individuals from Areia Branca, no mixture between 
samples of P. nordestinus and P. gonzagai sp. nov. was recovered in our inferences.

P. araguaius P. azureus P. gonzagai 
sp. nov. P. hypochondrialis P. nordestinus classifi cation 

error
P. araguaius 17 | 7 0 | 0 18 | 0 1 | 0 0 | 0 0.53 | 0.00
P. azureus 0 | 0 7 | 0 11 | 1 4 | 3 3 | 0 0.72 | 1.00
P. gonzagai sp. nov. 6 | 0 0 | 1 143 | 4 3 | 1 7 | 0 0.10 | 0.33
P. hypochondrialis 0 | 0 0 | 0 10 | 1 82 | 40 1 | 0 0.12 | 0.02
P. nordestinus 0 | 0 1 | 0 14 | 0 14 | 0 23 | 6 0.56 | 0.00

Table 4. Confusion matrix for fi ve of the lowland species of Pithecopus Cope, 1866 based on 
morphometric and acoustic (values in bold) datasets by means of a randomForest model. Settings: 
number of tree permutations = 1000; number of variables tried at each split = 3; error rates = 25.5 % | 
10.9 %.



European Journal of Taxonomy 723: 108–134 (2020)

122

Fig. 4. Scatterplot of the discriminant analyses of principal components (DAPC) on the morphometric 
and acoustic datasets of Pithecopus araguaius Haga et al., 2017, P. azureus (Cope, 1862), P. gonzagai
sp. nov., P. hypochondrialis (Daudin, 1800) and P. nordestinus (Caramaschi, 2006). A. The two fi rst axes 
on the morphometric data (11 fi rst PCs, 95% retained variance). Variance explained by the axes: LD1 = 
58% (F-statistic = 131.7) and LD2 = 25% (F-statistic = 57.3). B. The two fi rst axes on the acoustic data 
(5 fi rst PCs, 96% retained variance). LD1 = 91% (F-statistic = 182.0) and LD2 = 7% (F-statistic = 13.5).
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The tree resulting from the bPTP analysis recovered two species from the best ML search, completely 
separating individuals of the south (P. nordestinus) from individuals of the north (Pithecopus gonzagai 
sp. nov.). The highest Bayesian solution was similar to the ML tree; however, a total of 118 (16S), 
85 (ND2) and 54 (Siah) putative entities were recovered by a simple heuristic search. In contrast, a 
mass sampling can contain individuals from real isolated clades and individuals in diff erent states of 
structured populations, which may be the cause of the high number of entities found in the results from 
GMYC and bPTP analyses.

Advertisement call
Six males and 73 advertisement calls of the new species were recorded and analysed. Quantitative call 
traits are summarized in Table 2. The advertisement call of P. gonzagai sp. nov. consists of a single 
pulsed note emitted sporadically (Fig. 6A–B). The calls are generally composed of a main gr oup of 
pulses (= core portion) (Fig. 6A), which may be followed by one low-amplitude fi nal pulse (Fig. 6B). 
When present (37 % of analysed calls), the isolated pulses were limited to one and lasted 4–12 ms, 
separated from the core portion by a long interval of 8–22 ms. The pattern of three-pulsed core without 
the isolated pulse was more common (63% of analysed calls; Fig. 6A), and lasted 17–35 ms. Taking into 
account the isolated pulses, the call lasted 17–49 ms and has 3–4 pulses. The pulse duration varied from 
5–12 ms, emitted at rates of 86–177 pulses / second. The inter-pulse interval (or no interval) within the 
core lasted 0–4 ms. The peak of dominant frequency varied from 1969 to 2391 Hz (Fig. 6A–B).

Six males and 105 advertisement calls of P. nordestinus (sister species) were recorded and analysed. The 
advertisement call of the sister species of the new taxon also contains a single pulsed note, with sporadic 
emission (quantitative call traits are summarized in Table 2; Fig. 6C–D). Core duration varied from 17 
to 33 ms and the intervals between the core and the isolated pulses varied from 6 to 48 ms. The number 
of pulses per core varied from 3 to 4 pulses, with pulse intervals (or no interval) within the core from 0 
to 6 ms. Pulses were arranged in: (1) a three-pulsed core with one isolated pulse (62.9%); (2) a three-
pulsed core with no isolated pulse (16.2%); (3) a three-pulsed core followed by two isolated pulses, with 
long inter-pulse interval between them (17.1%; Fig. 6D); (4) a four-pulsed core followed by an isolated 
pulse (2.9%); and (5) a four-pulsed core followed by two isolated pulses, with long inter-pulse interval 
between them (1.0%). The entire call duration lasted 19–85 ms and has 3–6 pulses, the duration of which 
varied from 3 to 16 ms, emitted at rates of 91–177 pulses / second. The peak of dominant frequency 
varied from 1969–2250 Hz (Fig. 6D).

Distribution
Pithecopus gonzagai sp. nov. is known from the type locality and from the 16 municipalities in four 
north-eastern Brazilian states (Rio Grande do Norte, Paraíba, Pernambuco and Alagoas), based on 
molecular, acoustic and morphological evidence. It is possible that all populations occurring north of 
the SFR can be attributed to this new species, such as the populations from the states of Ceará and Piauí 
(Haddad et al. 2013; Roberto & Loebmann 2016); whereas all populations from south of the SFR (states 
of Sergipe and Bahia) are attributed to P. nordestinus (Fig. 1).

Natural history
Adult males of P. gonzagai sp. nov. call in the open areas, by the margins of lentic environments (mostly 
ponds) during the rainy season of the year (which could vary across its distribution). Females lay eggs 
on leaves over the water bodies (Fig. 3D), from where exotrophic tadpoles hatch and drop into the 
water. Therefore, the reproductive mode is the number 24 (sensu Haddad & Prado 2005). Diff erent call 
types (advertisement, distress, warning and fi ghting calls) were described and previously attributed to 
P. nordestinus (see Toledo et al. 2015). However, part of those calls must now be attributed to P. gonzagai 
sp. nov.: the distress and warning calls described by Toledo et al. (2015) were recorded from individuals 
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sampled in the state of Rio Grande do Norte. Therefore, this population falls within the distribution of 
P. gonzagai sp. nov., not P. nordestinus. Thus, it is clear that both species (P. nordestinus and P. gonzagai 
sp. nov.) have a complex vocal repertoire that should be further explored.

Conservation remarks
Besides corroborating previous observations, we draw attention to a recent governmental act to solve the 
water supply in semi-arid regions of north-eastern Brazil, the so-called São Francisco River Transposition 
Project. Already in progress, the transposition project is diverting water from SFR to temporary rivers 
and reservoirs of the polygon of droughts (called in Portuguese ʻpolígono das secasʼ) (Lee 2009). This 
region is north of the SFR and suff ers historically with the eff ects of prolonged droughts. In this project, 
there are two canals called the North and the East Axes (Fig. 1), which pump water from SFR to the 
driest regions when necessary (RIMA 2004). We may predict two possible impacts to the regional native 
fauna, including the present pair of species, P. nordestinus and P. gonzagai sp. nov.: a reduction of the 
geographic barrier eff ectiveness and / or even creation of new artifi cial barriers elsewhere. Therefore, the 
whole historical evolutionary dynamics of the species that inhabit this region would be modifi ed. In the 
case of P. gonzagai sp. nov., its type locality and some others may be aff ected because they are between 
the new permanent and artifi cial rivers and the reduced SFR (Fig. 1). Therefore, we suggest a long-term 
genetic survey in this area to monitor the possible eff ects of the SFR Transposition Project.

Discussion
Our new species hypothesis was written under the ʻGeneral Lineage Concept of Speciesʼ (de Queiroz 
1998, 2007), which treats species as separately evolving metapopulation lineages. We found signifi cant 
diff erences in 12 morphometric traits when we compared P. gonzagai sp. nov. with P. nordestinus, the 
former being smaller in all traits. These traits corroborate phylogenetic evidence (Bruschi et al. 2019) 
and species delimitation tests showed here. As P. gonzagai sp. nov. is a phenotypically cryptic species, 
we are unable to i ndicate a reliable phenotypic diagnostic character to distinguish it from P. nordestinus. 
That is why P. gonzagai sp. nov. has been historically masked by its phenotypic similarity with 
P. nordestinus (Caramaschi 2006; Loebmann & Haddad 2010; Brand et al. 2013; Pinto et al. 2013; 
Neiva et al. 2013). The ancient interruption of the gene fl ow due to a historical shift in the course of 
SFR is the best explanation for the P. nordestinus and P. gonzagai sp. nov. split from their most recent 
common ancestor during the Plio-Pleistocene transition (Bruschi et al. 2019). Despite the clear split 
between P. nordestinus and P. gonzagai sp. nov., samples from Catieté and Aurelino Leal (Western 
Bahia state) could represent a putative secondary contact zone between the two species (Bruschi et al. 
2019) or the signature of incomplete lineage sorting. The cyto-nuclear noise detected in Western Bahia 

Fig. 6 (next page). Spectrograms (above) and oscillograms (below) of the advertisement call of 
Pithecopus gonzagai sp. nov. (A–B) and P. nordestinus (Caramaschi, 2006) (C–D). A. Spectrogram and 
corresponding oscillogram of the call of P. gonzagai sp. nov. with no isolated pulse, just the core, from the 
type locality, municipality of Limoeiro, state of Pernambuco, 17 May 2011, 19:35, air temperature 28ºC 
(FNJV 12231). B. Spectrogram and corresponding oscillogram of the call of P. gonzagai sp. nov. with 
one isolated low-amplitude pulse after the core, recorded in the municipality of Araruna, state of Paraíba, 
22 May 2011, 20:45, air temperature 29ºC (FNJV 12233). C. Oscillogram of two advertisement calls of 
P. nordestinus: the fi rst with two isolated low-amplitude pulses after the core, and the second without 
isolated pulses (FNJV 12244). D. Spectrogram and corresponding oscillogram of the advertisement call 
of P. nordestinus from the section highlighted in red in C, recorded in the municipality of Areia Branca, 
state of Sergipe, 5 May 2011, 21:22, air temperature 27ºC (FNJV 12244). Purple lines highlight the 
cores of the calls.
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requires further study, including more comprehensive sampling, to evaluate the source of this genetic 
signal.

Indeed, the routine morphological identifi cation of the species of Pithecopus is not easy mostly due 
to the high level of conservative morphology observed between P. hypochondrialis, P. azureus and 
P. nordestinus (Bruschi et al. 2013; Haga et al. 2017a). It is noteworthy that P. azureus and P. nordestinus 
are also morphometrically indistinguishable from one another according to the present analysis and those 
carried out by Haga et al. (2017a). Moreover, acoustic traits used in our analysis did not discriminate 
the new species from P. nordestinus and P. azureus. However, these three allopatric species are currently 
isolated by geographical barriers (Bruschi et al. 2013, 2019; Haga et al. 2017a). If we consider the 
allopatry and that the phenotypic divergence is fuelled by the joint infl uence of character displacement 
and sexual selection (see Pfennig & Pfennig 2010), the selective pressures acting on call traits could be 
very weak or simply non-existent.

In addition, Haga et al. (2017b) pointed out that the similarities observed among the advertisement calls 
of P. hypochondrialis, P. azureus and P. nordestinus (the lowland species), and the resulting diffi  culty 
in discriminating them, indicate that acoustic traits are uninformative for these phylogenetically closely 
related species. All six males of P. nordestinus were correctly classifi ed in the randomForest model. This 
discrepancy can probably be explained by the fact that calls with two isolated pulses were only reported 
for P. nordestinus. The other fi ve lowland species have, at most, one isolated pulse following the core 
portion. Although we have found signifi cant diff erences in some acoustic traits, there are overlaps in their 
amplitudes, which may aff ect the specifi c recognition by females of these lowland species. Moreover, 
we were unable to fi nd clear acoustic diagnosis between the two sister highland species, P. oreades and 
P. centralis, as there are overlaps in all their acoustic traits (Brandão & Álvares 2009; Brandão et al. 
2009). Therefore, as well as for P. gonzagai sp. nov. and P. nordestinus, the acoustic traits are not useful 
to distinguish other related species of Pithecopus. Also, populations of P. nordestinus and P. gonzagai 
sp. nov. from the Atlantic Rainforest and from the Caatinga showed diff erences in the interval between 
the pulses of the advertisement call, revealing putative intraspecifi c variation (Röhr et al. 2020). The 
authors pointed out that their  results indicate how multiple evolutionary forces may act simultaneously 
on the advertisement calls of frogs (Röhr et al. 2020).

A characterisation of tadpoles of P. nordestinus was recently provided (Dubeux et al. 2020). However, 
this study analysed individuals collected north of the SFR (states of Alagoas and Rio Grande do Norte), 
therefore, P. gonzagai sp. nov. is the most suitable taxonomic identifi cation for these tadpoles characterised 
by Dubeux et al. (2020), not P. nordestinus. The advertisement call of P. nordestinus described from 
the municipality of Igrapiúna, state of Bahia (about 145 km northwest of the type locality) is similar 
to those described here in call duration, pulse duration and dominant frequency but slightly diff erent 
in number of notes per call and inter-pulse interval (see Vilaça et al. 2011). Possibly, these diff erences 
can be explained by an intraspecifi c variation or even an applied methodology, since the molecular data 
indicate that the populations south of the SFR correspond to P. nordestinus. Using species distribution 
modelling algorithms and based on direct fi eld sampling, scientifi c literature, museum collections, 
and available online databases, Silva et al. (2020) provided a new distribution area for P. nordestinus 
which was broader than previously known. In addition, these same authors suggested a new polygon for 
conservation purposes for this species. In contrast, the distribution suggested by them overlaps with the 
geographic distributions of P. nordestinus and P. gonzagai sp. nov. reported by Bruschi et al. (2019) and 
the present study.

Pithecopus gonzagai sp. nov. and P. nordestinus are examples that fulfi l the defi nition for cryptic species 
of Bickford et al. (2007): “two or more distinct species that are erroneously classifi ed (and hidden) under 
one species name”. The identifi cation of cryptic species complexes allows us to better plan biodiversity 
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conservation strategies (Bickford et al. 2007). Thus, the description of P. gonzagai sp. nov. as a new 
species has a direct impact for conservation planning on a regional scale. Future projects evaluating 
north-eastern diversity are needed to identify cryptic species that may be divided by the natural course 
of the São Francisco River.
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Appendix 1. Comparative material examined. 
Pithecopus azureus
ARGENTINA • Corrientes MNRJ 39995. 

BRAZIL – Mato Grosso do Sul • Bela Vista; AAG-UFU 0148 to 0153• Bela Vista; MNRJ 61567 to 
61571.

PARAGUAY • Asunción; MNRJ 13657 to 13662, 13664 to 13670.

Pithecopus hypochondrialis
BRAZIL – Pará • Prainha; ZUEC 16511, 16520, 16515, 16529, 16530 • Monte Alegre; ZUEC 19916, 
19940, 19944, 19945 • Alenquer; ZUEC 19917, 19920, 19923, 19927, 19930, 19932 • Oriximiná; ZUEC 
19918, 19922, 19926, 19928 • Óbidos; ZUEC 19921, 19933, 19938, 19943. – Amapá • Laranjal do Jari; 
ZUEC 16550, 16551, 16553, 16555, 16559, 16561, 16562, 16605 • Serra do Navio; AAG-UFU 5987 
to 5989, 5998 to 6000. – Mato Grosso • Barra do Garças; ZUEC 21650 • Barra do Garças; AAG-UFU 
3489 to 3494, 1078 to 1084. – Goiás • Guarani de Goiás; AAG-UFU 1963, 1964 •Uruaçu; AAG-UFU 
0991 to 0993, 0996 to 0999 • Pirenópolis; AAG-UFU 0331, 0334 • Padre Bernardo; AAG-UFU 0117, 
0118 • Chapada dos Veadeiros; AAG-UFU 1333 • Mineiro; AAG-UFU 3410. – Tocantins • Paranã; 
AAG-UFU 2827 to 2830 • Palmas; AAG-UFU 2779, 2817. – Minas Gerais • Uberlândia; AAG-UFU 
2311, 2313, 2315, 2299, 3256 • Araguari; AAG-UFU 3101, 3116, 4573, 4689, 4936, 4937, 4832, 4834 
• Ituiutaba; AAG-UFU 0455, 1276. – Amazonas • Manaus; ZUEC 16504 to 16509.

Pithecopus nordestinus
BRAZIL – Bahia • Alagoinhas; ZUEC 21661 to 21663, 21665 • Maracás; MNRJ 13598 to 13611, 35223 
to 35228, 60097. – Sergipe • Areia Branca; ZUEC 19882 to 19885, 19887 to 19894, 19898, 19899, 
19901, 19902, 19906, 19907, 19909, 19911 • Laranjeiras; ZUEC 19895, 19897, 19900, 19903, 19908, 
19912, 19913. 

Pithecopus rohdei
BRAZIL – Rio de Janeiro • Itaguaí; ZUEC 1223, 1224, 5229, 5230, 7716 • Seropédica; ZUEC 16130.

Pithecopus megacephalus
BRAZIL – Minas Gerais • Jaboticatubas; ZUEC 1651, 3004 to 3006, 3428, 15444.

Pithecopus ayeaye
BRAZIL – Minas Gerais • Poços de Caldas; AAG-UFU 1661 to 1664, 3523 to 3525• Poços de Caldas;  
ZUEC 4160, 4161, 4289 to 4291, 4293, 4470, 4481, 6854 • Alpinópolis; AAG-UFU 0962 to 0964.

Pithecopus palliatus
BRAZIL – Acre • Cruzeiro do Sul; ZUEC 5388, 5392 • Xapuri; ZUEC 5685 to 5695, 5740, 5741, 5754, 
5760.

Pithecopus rusticus
BRAZIL – Santa Catarina • Água Doce; UFMG 13360 to 13362, 13353 to 13359.
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Supplementary material
Supplementary fi le 1. Analysed sound fi les (*.wav format) of the four species of Pithecopus Cope, 1866: 
P. araguaius Haga et al., 2017, P. hypochondrialis (Daudin, 1800), P. azureus (Cope, 1862), P. nordestinus 
(Caramaschi, 2006) and P. gonzagai sp. nov. https://doi.org/10.5852/ejt.2020.723.1147.3071

Supplementary fi le 2. Detailed specimens used for phylogenetic inferences. Genbank details, voucher 
numbers, sample locality. https://doi.org/10.5852/ejt.2020.723.1147.3073

Supplementary fi le 3. Raw morphometric measurement dataset (values in millimetres) of examined 
specimens of Pithecopus Cope, 1866, which were used for statistical analysis.
https://doi.org/10.5852/ejt.2020.723.1147.3075

Supplementary fi le 4. Eigenvectors of the DAPC based on morphological traits.
https://doi.org/10.5852/ejt.2020.723.1147.3077

Supplementary fi le 5. Eigenvectors of  the DAPC based on acoustic traits.
https://doi.org/10.5852/ejt.2020.723.1147.3079

Supplementary fi le 6. Phylogenetic relationships of the Pithecopus Cope, 1866 based on 16S rDNA 
mitochondrial fragment. Expanded topology inferred from the Bayesian inference based on the GTR + G 
model. Pithecopus gonzagai sp. nov. in blue and P. nordestinus (Caramaschi, 2006) in red. Posterior 
probabilities are shown at each node. Scale bar represents the number of substitutions per site. ID 
numbers corresponding to Supplementary fi le 2. https://doi.org/10.5852/ejt.2020.723.1147.3081

Supplementary fi le 7. Phylogenetic relationships of the Pithecopus Cope, 1866 based on NADH 
dehydrogenase subunit 2 (ND2) mitochondrial fragment. Expanded topology inferred from the Bayesian 
inference based on the HKY + G + I model. Pithecopus gonzagai sp. nov. in blue and P. nordestinus 
(Caramaschi, 2006) in red. Posterior probabilities are shown at each node. Scale bar represents the 
number of substitutions per site. ID numbers corresponding to Supplementary fi le 2.
https://doi.org/10.5852/ejt.2020.723.1147.3083

Supplementary fi le 8. Phylogenetic relationships of the Pithecopus Cope, 1866 based on Seven in 
Absentia Homolog 1 (Siah) nuclear fragment. Expanded topology inferred from the Bayesian inference 
based on the K2P model. Pithecopus gonzagai sp. nov. in blue and P. nordestinus (Caramaschi, 2006) in 
red. Posterior probabilities are shown at each node. Scale bar represents the number of substitutions per 
site. ID numbers corresponding to Supplementary fi le 2. https://doi.org/10.5852/ejt.2020.723.1147.3085

Supplementary fi le 9. Phylogenetic relationships of the Pithecopus Cope, 1866 based on 16S + ND2 + Siah 
markers. Expanded topology inferred from the Bayesian inference. Pithecopus gonzagai sp. nov. in blue 
and P. nordestinus (Caramaschi, 2006) in red. Posterior probabilities are shown at each node. Scale bar 
represents the number of substitutions per site. ID numbers corresponding to Supplementary fi le 2.
https://doi.org/10.5852/ejt.2020.723.1147.3087


